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Abstract 
In the current study, an innovative thermomechanical route was developed to produce 
ultrafine equiaxed grains (UFG) in a Ti-6Al-4V alloy with a martensitic starting 
microstructure. This novel approach successfully led to the formation of UFG with a size 
of 150-800 nm using three different thermomechanical deformation modes (i.e. 
isothermal uniaxial compression, symmetric rolling and asymmetric rolling). The grain 
refinement was obtained through a new mechanism consisting of several concurrent 
processes. This involves the development of substructure in the lath interiors at an early 
stage of deformation, which progressed into small high angle segments with increasing 
strain. Subsequently, the microstructure was gradually transformed to equiaxed ultrafine 
grains, mostly surrounded by high angle grain boundaries, through continuous dynamic 
recrystallization. Simultaneously, the supersaturated martensite was decomposed during 
deformation, leading to the progressive formation of ȕ phase, mainly nucleated on the 
intervariant lath boundaries. 
Warm rolling of the martensitic titanium alloy resulted in the formation of different 
layer morphologies throughout the thickness of the rolled specimen: a fully UFG surface 
layer, a partial UFG transition layer and a partially fragmented lath interior layer. The 
position and extent of these layers were strongly affected by the rolling reduction and 
deformation mode (symmetric and asymmetric). In general, the extent of grain refinement 
was greater in the asymmetric rolling compared with the symmetric rolling at a given 
thermomechanical condition. The deformation mode also altered the texture development 
throughout the thickness. This unique microstructure offered a superior strength-ductility 
balance. 
Upon post-deformation annealing of the as-rolled Ti-6Al-4V alloy, the 
microstructure evolution was different in the fully UFG surface layer compared with the 
partially fragmented lath interior layer. The former showed concurrent Į grain growth 
and ȕ precipitation, whereas the interior layer revealed the replacement of the partially 
fragmented alpha laths with equiaxed grains, most likely through static recrystallization. 
Despite the presence of a relatively high dislocation density, the continuous precipitation 
of ȕ on Į grain boundaries significantly retards Į grain growth through a pinning effect. 
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The overall texture was mostly preserved for the surface and interior layers throughout 
the post-deformation annealing treatment. However, slight changes appeared in the 
surface layer texture with holding time, mainly showing a gradual strengthening of the 
(0°, 0°, 30°) component at the expense of the (0°, 0°, 0°) and (0°, 90°, 0°) components. 
The changes were mainly attributed to preferred grain growth of specific orientations. 
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Chapter 1 
Introduction 
1.1 Background and aim of the project 
Titanium and its alloys are of great significance for aerospace, medical, chemistry and 
other applications, due to their combination of attractive properties, such as high 
specific strength, corrosion resistance and biocompatibility [1]. These unique 
properties are governed by the microstructural features such as precipitation, 
dislocations, phase interfaces and grain boundaries [2]. However, the as-cast titanium 
alloys do not necessarily provide an exceptional profile of mechanical property and 
formability, primarily due to a relatively coarse transformed grain structure. For 
instance, the as-cast ingots of Ti–6Al–4V alloy produced by double or triple vacuum 
arc remelting (VAR) are usually composed of prior ȕ grains in the order of several 
millimeters [3, 4]. Therefore, one of the key goals of titanium processing is to optimize 
the mechanical properties through various microstructure control approaches 
including grain size reduction. 
Grain refinement is one of the most advanced directions in physical metallurgy, 
through which the strength and toughness of polycrystals can be enhanced 
simultaneously [5, 6]. That is also why it stands out within the metal strengthening 
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approaches such as work-hardening, solid solution and alloying strengthening, 
precipitation hardening and transformation hardening. According to the well-known 
Hall-Petch relationship (i.e. 1/20Y AdV V   ), the yield stress YV  of polycrystalline 
materials increases with a decrease in the square root of grain size d  [7]. Apart from 
the enhancement of yield strength which benefits the structural efficiency, grain 
refinement also favors the fatigue strength and superplasticity of titanium alloys [4, 8], 
all of which contribute to the broadening of their applications. 
Grain refinement of titanium alloys has been studied extensively through a 
variety of approaches such as microalloying additions, solid-solid phase 
transformation, plastic deformation and thermomechanical processing (TMP). 
However, only a limited grain refinement level to ~50 ȝm can be reached through the 
addition of alloying elements [2, 9, 10] or rapid heat treatment [11], where no 
deformation is applied during casting or phase transformation. For comparison, 
imposing severe plastic deformation (SPD) is a widely investigated approach. By 
means of using different SPD techniques [12-24], ultrafine grained (UFG) and even 
nanocrystalline (NC) microstructures can be fabricated in different titanium alloys. 
However, the SPD techniques normally require special equipment, complicated 
procedures and tremendous plastic working energy [25, 26].  
Nevertheless, the presence of different phase allotriomorphs in titanium alloys 
provides a unique opportunity to potentially refine the grain structure at a lower strain 
level, through plastic deformation in conjunction with solid–solid reactions, such as 
recrystallization and phase transformation. Based on this, a novel approach has been 
proposed to produce an UFG structure in titanium alloys such as Ti-6Al-4V, through 
thermomechanical processing from a martensitic starting microstructure. By means of 
this process, the final grain size can be refined to 0.5-1 Pm [27, 28] while no severe 
plastic deformation is required. In addition, a relatively simple procedure and wide 
applicability promote this process as one of the most promising technique to produce 
bulk UFG structure in titanium alloys. 
This process is indeed similar to the so-called “martensite processing” developed 
for low carbon steels by Tsuji et al. [25, 26]. Although it has been investigated for 
titanium alloys by a number of research groups [24, 27-29], there has been a lack of 
systematic understanding for a number of issues such as: i) the exact grain refinement 
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mechanism, ii) the microstructure and texture evolution, iii) the effect of 
thermomechanical parameters on UFG formation and iv) the thermal stability of the 
UFG structure. 
The current project, therefore, aims to study the development of microstructure 
and texture that results from TMP of a martensitic titanium alloy under different 
deformation conditions, as well as the post-deformation annealing. In addition, the 
critical condition for UFG formation and the mechanical response of the UFG 
microstructure is evaluated. Based on this, a novel thermomechanical grain refinement 
route is developed for a Ti-6Al-4V alloy, which can potentially give rise to a well-
balanced superior strength-ductility property, ultimately enhancing the applications of 
Ti alloys. 
1.2 Thesis outline 
The research work in the current thesis is classified into seven chapters as follows: 
Chapter 2 presents a literature survey, which reviews the background and 
fundamentals of the grain refinement in titanium alloys. Generally, the grain 
refinement routes can be primarily classified into four different approaches: i) 
microalloying, ii) solid-solid phase transformation, iii) deformation and iv) 
thermomechanical processing. Among these approaches, the thermomechanical 
processing from a martensite starting structure is highly prospective for the most 
widely used titanium alloys (i.e. Ti-6Al-4V). In addition, an overview on the texture 
development during thermomechanical processing is discussed in this chapter. At the 
end, a summary of the existing knowledge gaps and potential research fields is 
provided. 
Chapter 3 outlines the material, general experimental procedures and methods 
used in the current research. Firstly, a martensitic microstructure was produced in the 
Ti-6Al-4V alloy, which was subsequently subjected to various TMP routes including: 
i) isothermal uniaxial compression; ii) asymmetric and conventional symmetric rolling 
followed by iii) post-deformation annealing. Also, the laboratory characterization 
techniques to examine the microstructure, texture and mechanical response of material 
at different TMP conditions were described. These techniques consisted of optical 
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microscopy, scanning electron microscopy including electron backscattered 
diffraction, transmission electron microscopy, X-ray diffraction, tensile testing and 
hardness measurement. 
Chapter 4 focuses on the microstructure evolution during isothermal uniaxial 
compression of an acicular martensitic starting microstructure in a Ti-6Al-4V alloy at 
different TMP conditions. Here, an UFG microstructure with a size of 150-800 nm 
was successfully produced at a critical TMP condition. Based on the detailed 
microstructure characterization, a mechanism for the grain refinement is proposed.  
In Chapter 5, the effect of deformation mode (i.e. symmetric and asymmetric 
rolling) on the extent of grain refinement was studied. The microstructure and texture 
development were examined extensively throughout the plate thickness using SEM, 
EBSD and XRD techniques, respectively. In brief, warm rolling resulted in the 
formation three distinct layers throughout the thickness: surface, transition and interior 
layers. The result suggested that the deformation mode and TMP condition 
significantly influenced the characteristics of microstructure and texture throughout 
the thickness. There was an optimum TMP condition, in which a bulk UFG structure 
can be successfully produced through asymmetric rolling. The mechanical properties 
of warm rolled samples were also evaluated in depth for different TMP conditions. 
In Chapter 6, the post-deformation annealing behaviour of an ultrafine-grain Ti-
6Al-4V alloy was investigated for different TMP conditions. The evolution of hardness, 
microstructure and texture at the surface and interior layers of warm rolled sample was 
investigated in detail throughout the annealing process. 
In Chapter 7, a summary of the major results and findings was given. In addition, 
some suggestions for further study were proposed at the end.
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Chapter 2  
Literature review 
2.1 Titanium and titanium alloys 
Titanium is a light metal with a density of 4.51 g/cm3, which is only about 50% of iron 
or nickel [30]. Titanium and its alloys have a unique combination of many attractive 
properties, such as a high strength–weight ratio, excellent mechanical properties at 
elevated temperature, exceptional corrosion resistance and outstanding 
biocompatibility [1]. Therefore, they are preferentially used for aerospace, chemical, 
energy, medical and leisure applications. 
There are primarily two kinds of crystal structure in titanium and its alloys: a 
hexagonal close packed (hcp) structure generally referred as the alpha (Į, Fig. 2-1a) 
phase and a body-centered cubic (bcc) structure for the beta (ȕ, Fig. 2-1b) phase [31]. 
These two phases can be present simultaneously in a titanium alloy and transform 
allotropically to each other at a given condition. The stability and relative extent of Į/ȕ 
phases of each alloy depends on the chemical composition and the temperature range. 
For pure titanium, the equilibrium Įļȕ phase transition temperature (i.e. beta transus 
temperature or Tȕ) is about 882ÛC. The beta transus temperature is a critical parameter 
of titanium alloys for both deformation processing and heat treatment. 
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Figure 2-1: The crystal structure of (a) hcp Į and (b) bcc ȕ phase of pure titanium [1]. The close packed 
planes in both structures and lattice parameters of pure titanium at (a) room temperature and (b) 900°C 
are highlighted. 
The alloying elements in titanium alloys can be categorized into Į-stabilizers, ȕ-
stabilizers or neutral elements based on their influences on Tȕ (Fig. 2-2). The Į-
stabilizers include the substitutional elements such as Al (Fig. 2-3a) and interstitial 
elements like oxygen, nitrogen, and carbon, which can extend the Į phase field to 
higher temperatures with an increase in the solute concentration. On the contrary, the 
ȕ phase field can be shifted to lower temperatures by two types of ȕ-stabilizing 
elements: ȕ-isomorphous elements such as Mo, V (Fig. 2-3b), and Ta; and ȕ-eutectic 
elements including Fe, Mn, Cr, Co, Ni, Cu, Si, and H. In addition, Sn and Zr have only 
a slight impact on Tȕ [1, 32] and hence are classified as neutral elements.  
 
Figure 2-2: Schematic representation for the influence of alloying elements on phase diagrams of 
titanium alloys [1]. 
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Figure 2-3: The phase diagrams of Ti-Al (a) and Ti-V (b) alloys [33].  
For a titanium alloy having multiple alloying components, the equivalent 
aluminum (Aleq) and molybdenum (Moeq) contents are widely used to express the 
effect of Į and ȕ-stabilizing elements on Tȕ, respectively. Aleq and Moeq are estimated 
using the following equations [34, 35]: 
  1/ 3 1/ 6 10( 2 )eqAl Al Sn Zr O C N                                                     (2.1) 
  0.6 1.6 0.44 0.28 1.25 1.7 2.5eqMo Mo V Cr W Nb Ni Co Fe             (2.2) 
where the alloying element contents are in wt%.  
According to the relative amount of Į and ȕ phases, titanium and its alloys can 
generally be classified into 5 groups (Fig. 2-4): Į, near Į, Į + ȕ, near ȕ and ȕ alloys [1, 
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31, 32, 36], which are characterized by different chemical compositions, 
microstructures after processing, distinct properties and applications.  
More than 100 titanium alloys have been invented so far, while only 20 to 30 
have only been commercialized. Among the different titanium alloys, the Į+ȕ Ti-6Al-
4V alloy is a workhorse, accounting for more than 50% of the total titanium usage [30]. 
This is mainly due to its good balance of strength, ductility, fatigue and fracture 
properties. Moreover, the Ti-6Al-4V alloy is the most comprehensively investigated 
titanium alloy to date, which also favors its key application in the aerospace industry.  
 
Figure 2-4: The schematic pseudo-binary phase diagram of titanium alloys. Some alloy compositions 
are also presented [31]. 
The Į+ȕ Ti-6Al-4V alloy has both alpha stabilizer Al and beta stabilizer V as 
alloying elements, which enhance the hardenability and formability of the alloy. A 
variety of microstructures (Fig. 2-5) can be produced in the Ti-6Al-4V alloy including: 
a supersaturated fully martensite (Fig. 2-5c), Į+ȕ lamellar (Fig. 2-5f), equiaxed Į+ȕ 
(Fig. 2-5e) and bimodal microstructures (Fig. 2-5d). The former two are transformed 
from ȕ phase field through rapid and slow cooling rates, respectively. The latter two 
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can be obtained using different cooling profiles of recrystallized Ti-6Al-4V alloy from 
the Į+ȕ phase field (Figs. 2-5d,e). Also, the Į+ȕ lamellar microstructure can be 
converted to equiaxed alpha and beta grains through thermomechanical processing.  
The lamellar Ti-6Al-4V alloy usually has moderate strength, high fracture 
toughness and creep/fatigue crack growth resistance but low ductility. By comparison, 
the equiaxed structure, which has a typical average grain size of 5-10 ȝm processed by 
conventional TMP [37], offers high ductility and fatigue strength and is preferred for 
superplastic deformation. In addition, most mechanical properties of the material, such 
as strength, ductility, fatigue resistance and superplastic behaviour, can be further 
improved by reducing the grain size [2, 6, 38]. Therefore, the formation of a uniform 
fine equiaxed grain microstructure is one of the principal objectives of hot working of 
Ti-6Al-4V alloy to obtain an optimum mechanical property balance.  
 
Figure 2-5: Schematic representation of (a) the continuous cooling transformation (CCT) diagram, (b) 
the time-temperature-transformation (TTT) diagram, and (c-f) different microstructures of Ti-6Al-4V 
alloy after cooling from different areas of the phase field. c) Acicular Į' transformed from ȕ; d) Primary 
Į equiaxed grains along with acicular alpha; e)  Primary Į  with ȕ (dark region); f) Į+ȕ lamellar structure 
[31, 39, 40]. 
The grain refinement of metals is generally achieved by a combination of plastic 
deformation and solid-solid reactions such as recovery, recrystallization, precipitation 
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and phase transformation [41]. To understand the grain refinement mechanism of 
titanium alloys, it is necessary to address the mechanisms involved in the deformation 
and solid-solid reactions. 
2.2 Mechanisms involved in the processing of titanium alloys 
2.2.1 Thermomechanical processing of titanium alloys 
Thermomechanical processing (TMP) is extensively used in the titanium industry, not 
only to breakdown the as-cast structure and modify texture of titanium alloys, but also 
to control the microstructure and final properties. The cost of TMP nearly accounts for 
half of the overall cost of 1" titanium plate production [42]. Technically, the hot 
working of titanium alloys is quite mature [37]. Moreover, the typical ingot metallurgy 
approaches for Į, Į/ȕ and ȕ titanium alloys processing are quite similar [34, 37, 43, 
44]. A typical TMP operation usually comprises the following procedures (e.g. Fig. 2-
6): i) ingot production via vacuum arc melting; ii) primary ingot breakdown in the ȕ-
phase field, which often finishes below Tȕ to obtain a mill product; iii) recrystallization 
annealing in the ȕ-phase field; iv) secondary hot working above or below Tȕ to produce 
a specific shape by either hot forging or rolling. The involvement of extensive heat 
treatment and/or plastic deformation during these thermomechanical treatments alters 
the characteristics of the titanium microstructure in various ways and therefore 
produces a final product with a variety of microstructures.  
 
Figure 2-6: A typical processing route for a+ȕ titanium alloys [45]. 
  
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2.2.2 Restoration processes during deformation and post-
deformation annealing 
The plastic deformation of metals through slip or twinning may lead to the formation 
of various defects such as vacancies, dislocations and grain boundaries in the matrix. 
The former zero-dimensional point defects have little effect on the mechanical 
properties as they can be annealed out at low temperatures. The two dimensional 
defects have received more interest as they affect the material properties significantly. 
More importantly, this involves the type and quantity of grain boundary that may 
evolve with the annihilation and rearrangement of dislocations, especially during 
deformation or annealing treatment. 
From the viewpoint of energy, during deformation of metals, the plastic 
deformation energy is mostly converted into heat (i.e. adiabatic heating), while only a 
small proportion (~1%) is maintained as stored energy in the material, mainly in the 
form of dislocations [46]. The stored energy can be discharged in different ways, such 
as recovery, recrystallization and grain coarsening depending on the material property 
(e.g. stacking fault energy), thermomechanical condition (e.g. deformation mode, 
strain, strain rate and temperature) and post-deformation treatment procedure (e.g. 
annealing time and temperature) [47]. Accordingly, the dislocations undergo different 
evolution in terms of type, density, distribution and arrangement mechanism.  
Specifically, recovery is a relatively homogenous rearrangement of dislocations 
through atomic diffusion at elevated temperatures prior to the recrystallization process. 
This process may lead to the formation of low angle grain boundaries but not involve 
the movement of high angle grain boundaries. The strain energy is generally still at a 
relatively high level even after the completion of recovery. With further consumption 
of stored energy, recrystallization (Fig. 2-7, 2-8) may take place through the nucleation 
of new grains accompanied by the migration of high angle grain boundaries, resulting 
in the replacement of deformed grains by dislocation free grains. The recrystallization 
process is usually followed by grain coarsening driven by the reduction of stored 
energy in the form of grain boundaries. Grain coarsening may take place in two 
different ways: normal grain growth or abnormal grain growth. The former is 
characterized by the replacement of the small grains by larger ones, which typically 
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leads to more uniform grain growth and a relatively narrow range of grain size and 
shape. In contrast, abnormal grain growth (sometimes also called secondary 
recrystallization) is represented by much faster grain growth of a few grains, which 
results in a bimodal grain size distribution. 
 
Figure 2-7: Schematic representation of conventional discontinuous static recrystallization (DSRX) 
taking place during the annealing of strain hardened materials [48]. 
 
Figure 2-8: Schematic diagram of dynamic recovery (DRV) and recrystallization. a) Flow curves for 
dynamic recovery and dynamic recrystallization. b) The lattice rotation mechanisms for discontinuous 
dynamic recrystallization (DDRX): i) serrations of HAGB, ii) occurrence of grain boundary sliding on 
horizontal boundaries and slip occurs on bulged sections, iii) local lattice rotations associated with the 
bulges. c) The development of continuous dynamic recrystallization (CDRX) with increasing strain [46, 
49]. 
Differing from conventional restoration process during post-deformation 
annealing, the recovery or recrystallization may occur during deformation and this is 
called dynamic recovery (DRV) or dynamic recrystallization (DRX), both of which 
result in flow softening of the material (Fig. 2-8a). DRV is more likely to be the 
dominant restoration mechanism for metals such as Al and its alloys, Į-iron and ferritic 
Chapter 2. Literature review 
- 13 - | P a g e  

steels having high stacking fault energy (SFE). This is because the rearrangement of 
dislocations is easier to take place through climb and/or cross-slip in high SFE 
materials. As for the DRX process, there are two different types of mechanisms (Fig. 
2-8): discontinuous DRX (DDRX, Fig. 2-8b) and continuous or in-situ DRX (CDRX, 
Fig. 2-8c). Conventional discontinuous DRX is generally reported in metals having 
low to medium stacking fault energy such as copper, nickel and austenitic steels. This 
is a two-stage process during deformation including: i) new grain nucleation at high 
angle grain boundaries through bulging (strain induced grain boundary migration, Fig. 
2-8b), lattice rotation (boundary sliding, Fig. 2-8b and Fig. 2-9c) or twinning and ii) 
subsequent nucleus growth. Continuous DRX, by comparison, is characterized by the 
formation of sub-grains with low angle grain boundaries (Fig. 2-9b), which 
progressively evolve into high angle grain boundaries upon further straining (Fig. 2-
8c). This mechanism is mainly reported at a relatively low deformation temperature 
and may also be referred to as low temperature DRX [50], in-situ DRX [48], geometric 
DRX [51] or rotation DRX [46, 52](Fig. 2-9). 
 
Figure 2-9: A schematic of the nucleation process of (a) low temperature DRX, (b) continuous DRX 
and (c) discontinuous DRX in a magnesium alloy during deformation at different temperature regions: 
(a) T= 150°C; (b) T= 200–250°C; (c) T= 300–450°C [50]. 
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The mechanism and characteristics of the dynamic restoration process during 
deformation will in-turn affect the post-deformation annealing behaviour, leading to 
different mechanisms of microstructure evolution, apart from the conventional static 
recovery (SRV), static recrystallization (SRX) and grain coarsening processes (Fig. 2-
10).  
 
Figure 2-10: Schematic representation of the recrystallization behaviour of three different types of 
deformed microstructure: a) normal strain-hardened microstructure, which is usually produced by 
deformation to a strain of 1 to 2. b) UFG microstructure produced through CDRX, typically at a strain 
of 3 and above. c) DDRX microstructure produced by hot deformation. Upon annealing, these distinct 
deformed microstructures may undergo (a, d) discontinuous static recrystallization, (b, e) continuous 
SRX and (c, f) dynamic or metadynamic SRX, respectively [48]. 
For instance, after the cessation of hot deformation through DDRX, the 
recrystallization nucleis continue to grow upon immediate annealing. This 
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phenomenon was termed as metadynamic or post-dynamic recrystallization by Jonas 
and co-workers (Fig. 2-10c) [46, 48, 53]. In addition, for the alloys deformed through 
CDRX such as severe plastic deformation (SPD), a fairly high dislocation density is 
present throughout the deformed structure and the strain induced fine grains are 
surrounded by a uniform network of non-equilibrium high angle grain boundaries 
(HAGBs). Upon further annealing, these HAGBs can be turned into an equilibrium 
state while the nucleation or grain growth processes are not detectable. This type of 
phenomenon is called continuous static recrystallization (CSRX, Fig. 2-10b) and 
mostly found during the post-deformation annealing of alloys that experienced a very 
large strain [48]. 
2.2.3 Phase transformation and precipitation 
In addition to the restoration processes, solid-solid phase transformation and 
precipitation may take place during deformation or merely by means of heat treatment. 
The interaction between these mechanisms plays a significant role in the 
thermomechanical processing of titanium alloys.  
As illustrated in Fig. 2-11, a variety of phases including hexagonal alpha phase 
(Į or Į'), orthorhombic martensite Į'' and omega Ȧ phase may be present in the titanium 
alloys with different contents of ȕ stabilizing elements [54]. Among them, the ȕļĮ 
phase transformation is the most common and important one in most titanium alloys. 
The Įoȕ phase transformation on heating is principally a diffusional process, while 
ȕoĮ transformation may take place through shear (i.e. martensitic) of the parent beta 
grain or atomic diffusion, depending on the cooling rate and the chemical composition 
of the alloy. Moreover, the occurrence of martensitic transformations in different types 
of titanium alloys, such as pure Į and Į+ȕ titanium alloys, may lead to the formation 
of a massive and acicular martensite, respectively [1]. Despite different routes of ȕļĮ 
phase transformation, the Burgers orientation relationship (OR, Fig. 2-12) is frequently 
observed between the bcc ȕ and hcp Į phases [55]: i.e. (110)E ۅ (0001)D  and [111]E ۅ
[1120]D . As described earlier, this transformation is one of the most powerful tools to 
alter morphology, distribution, orientation and ratio of Į/ȕ phases, by which a variety 
of microstructures can be obtained in titanium alloys such as Ti-6Al-4V. 
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Figure. 2-11: Schematic illustration of various metastable phases in a pseudo-binary isomorphous phase 
diagram of titanium alloys [54]. 
 
Figure 2-12: Schematic representation of the Burgers orientation relationship between the Į and ȕ 
phases during phase transformation [56]. 
At a higher concentration of beta stabilizers, orthorhombic Į'' may form from the 
ȕ phase. Alternatively, this transformation may also be induced by deformation of the 
metastable ȕ titanium alloy [57, 58]. This is similar to the transformation-induced 
plasticity (TRIP) effect observed in TRIP steels [59] and is believed to contribute to 
the formability of titanium alloys. 
With a critical chemical composition, the displacive ȕoȦ phase transformation 
may take place upon quenching from the ȕ phase field [54]. However, the formation 
of omega phase has been considered to be unfavorable in titanium alloys as the thermal 
Ȧ phase can grow rapidly during isothermal aging. 
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2.3 Grain refinement processing routes in titanium alloys 
The grain refinement routes in titanium alloys can be classified into four main 
approaches: i) composition modification through microalloying, ii) solid state phase 
transformation, iii) severe plastic deformation and iv) thermomechanical processing 
with a combination of plastic deformation and phase transformation. 
2.3.1 Grain refinement through microalloying 
Solidification is one of the most important processing routes to produce metallic 
materials. For titanium alloys, conventional ingot casting (e.g. Ti–6Al–4V) by double 
or triple vacuum arc remelting (VAR) leads to a typical grain size of several 
millimeters, depending on the billet dimension [3, 4].  
Recent studies have shown that microalloying elements such as B [9, 38, 60-64], 
C, N, O [65], Be [10], Si [2], Fe and Cr [66] could potentially reduce the grain size of 
cast titanium alloys. Among these alloying elements, the effect of B addition has been 
extensively investigated in a variety of titanium alloys including CP Ti [60, 61], Į + ȕ 
[38, 62, 63] and ȕ titanium alloys [9, 64]. For instance, with only 0.1 wt.% boron 
addition, the prior beta grain size of Į + ȕ (e.g. Ti-6Al-4V and Ti–6Al–2Sn–4Zr–2Mo–
0.1Si) and ȕ (e.g. Ti-15Mo-2.6Nb-3Al-0.2Si and Ti-5Al-5V-5Mo-3Cr) titanium alloys 
can be reduced to ~200 and 50 ȝm, respectively (Fig 2-13). This is comparable to the 
grain size controlled through thermo-mechanical processing in the ȕ phase field [38]. 
In addition to the refinement of prior-ȕ grains, the Į-colony size is also markedly 
refined in Ti-6Al-4V [67, 68] and CP Ti [61] with a similar amount of boron addition 
during solidification. 
The refinement mechanism of prior-ȕ grains can be attributed to the growth 
restriction mechanism associated with the pronounced boron partitioning (e.g. in the 
form of TiB intermetallic for CP Ti [61]) during solidification. A growth restriction 
factor 0 ( 1)lQ m c k   can be used to predict the grain refinement effect of a particular 
solute, in which, lm , 0c  and k refer to the liquidus slope, solute concentration in a 
binary alloy and partition coefficient, respectively [2, 10, 61, 66, 69]. Regarding the 
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Į-colonies, the grain size reduction is achieved through the promotion of Į nucleation 
on either TiB or other grain boundary impurities [67, 68]. 
 
Figure 2-13: a) The as-cast grain size of Ti-6Al-4V and Ti–6Al–2Sn–4Zr–2Mo–0.1Si as a function of 
boron concentration [38]. b-d) The microstructures of Ti-6Al-4V with different levels of boron 
concentration.  
The grain refinement through microalloying contributes to marked mechanical 
property optimization in different titanium alloys. However, the level of grain size 
reduction is limited to ~50-200 Pm (Fig. 2-13, [9, 38]). Hence, complementary routes 
are required to further enhance the grain refinement in the final microstructure. 
2.3.2 Grain refinement through solid state phase transformation 
Apart from the addition of microalloying elements in casting, the grain size of titanium 
alloys can also be controlled through merely heat treatment of the solid state (i.e. 
without deformation). However, the approach described here is different from the 
conventional annealing heat treatment. It takes advantage of the solid-solid phase 
transformations in titanium alloys and can be obtained through different techniques 
such as cyclic heat treatment (CHT), rapid heat treatment (RHT) and thermal 
hydrogenation processing (THP). 
Cyclic heat treatment (CHT) is a popular grain refinement method for TiAl-
based alloys [70-75]. By means of multistage heat-treatments around the Į-transus 
temperature, the colony size of Ȗ-TiAl-based alloys (e.g. Ti–46Al–2Cr–2Mo–0.25Si–
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0.3B [75] or Ti–47Al–2Cr or Ti–46Al–2Cr–2Nb [71]) ingot can be refined to ~10-65 
ȝm due to the repeated occurrence of Į ļ Į + Ȗ transformations. 
For Į+ȕ titanium alloys, where faster grain coarsening takes place at the high 
temperature ȕ phase region, the rapid heat treatment (RHT) could be more applicable 
[11]. The method is characterized by rapid heating of the material to the beta phase 
field by means of high-temperature salt-baths, high-energy beams or local induction 
heating followed by fast cooling. In this approach, the grain refinement is due to the 
occurrence of phase transformation under non-equilibrium conditions and suspension 
of Į/ȕ growth. Utilizing this method, the coarse as-cast lamellar structure of 
commercial Į+ȕ titanium alloys (e.g. Ti-5.9%Al-4.1% and Ti-5.7%Al-1.2%Mo-
1.4%V-1.7%Z [11]) can be transformed into a fine Widmanstätten-type lamellar 
structure with the prior-ȕ grain size of ~50 ȝm. In addition, the Į-plate in the final 
structure has a length of 5-10 ȝm and a thickness of less than 0.1 ȝm. 
Thermal hydrogenation processing (THP) is another heat treatment method for 
titanium alloys with hydrogen as an intermediate alloying element. Two individual 
stages generally comprise THP: hydrogenation and dehydrogenation (Fig. 2-14). 
During the former process, hydrogen is absorbed through high temperature treatment, 
which may lead to the formation of hexagonal Įƍ(H) martensite, orthorhombic ĮƎ(H) 
martensite and/or metastable ȕ(H) phase in the titanium alloys upon subsequent 
cooling (Fig. 2-13). The hydrogen is then removed under vacuum annealing conditions 
(i.e. dehydrogenation) while decomposition of martensite and occurrence of 
recrystallization take place simultaneously, resulting in remarkable microstructural 
refinement (Fig. 2-14) [76].  
It should be noted that thermal hydrogenation treatment is quite complicated in 
practice and usually carried out in conjunction with thermomechanical processing or 
severe plastic deformation [77-80]. Nevertheless, this is a promising technique to 
produce a nanocrystalline (NC) or submicroncrystalline (SMC) structure in different 
Ti-based alloys [76, 81, 82], THP contributes to a significant enhancement in the 
material formability (e.g. superplastic deformation) and mechanical properties [77, 79, 
83]. For example, an ultimate strength of ~1900 MPa was reported for the Ti–6.3Al–
3.5Mo–1.7Zr alloy, in which an average grain size of 20–30 nm was obtained by a 
combination of THP and SPD [77]. The NC material also reveals exceptional 
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superplasticity at a relatively low temperature of 550°C. These attractive mechanical 
properties achieved through grain refinement encourage further exploration on the 
refinement mechanism and development of novel approaches, which are more 
applicable for industrial operation. 
 
Figure 2-14: a) The pseudo-binary phase diagram for Ti64-H. b) Schematic processing route and c) final 
microstructure of a cyclic thermal hydrogenation processing [76]. 
2.3.3 Grain refinement through deformation 
As indicated earlier, the level of grain refinement is limited in the absence of 
deformation. Here, the deformation approach is reviewed, which is accompanied by 
the operation of various restoration mechanisms. According to the relative deformation 
temperature with respect to the beta transus, the deformation can be conducted at either 
ȕ, Į+ȕ or Į phase regimes for titanium alloys. It should be noted that it is not easy to 
judge whether a grain refinement method belongs to the deformation approach or a 
combination of deformation and phase transformation approach, especially for Į and 
Į+ȕ titanium alloys. This is because: i) a beta processing may be followed by a ȕĺĮ 
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phase transformation during cooling and ii) the starting Į or Į+ȕ microstructures for 
deformation are actually the products of ȕĺĮ phase transformation (e.g. massive or 
martensitic transformation). Therefore, they can be categorized into different 
deformation approaches according to the phase regions where microstructure 
refinement takes place. 
Overviews on the thermomechanical processing of Į and Į+ȕ titanium alloys 
were made by Semiatin, Weiss and their co-workers [34, 37]. For conventional hot 
working or annealing in the beta phase regime, grain refinement can be achieved 
through dynamic recrystallization (DRX) [84-86] or static recrystallization (SRX) [45, 
87] of prior-ȕ grains. However, the grain size reduction is limited through DRX of ȕ 
phase as it encounters the obstruction of simultaneous beta coarsening as SRX and 
grain growth occurs readily at this temperature [84, 87]. For Į and Į+ȕ titanium alloys, 
the grain refinement is more pronounced through deformation in the Į or Į+ȕ phase 
fields, where the deformation mechanisms of continuous and discontinuous dynamic 
recrystallization (CDRX [29, 84, 88] and DDRX [89-91]) have been frequently 
reported. Generally speaking, CDRX is more likely to be responsible for the 
microstructure evolution at relatively low deformation temperature, while DDRX is 
observed at the high end of sub-beta-transus deformation temperature. Under some 
circumstances such as low temperature and high strain rate, DDRX may also take place 
in the shear band region [28] as a result of adiabatic heating. In addition, the annealing 
behaviour at the Į+ȕ phase field is usually accompanied by SRV or SRX of the 
deformed microstructure [68, 92].  
Among the various deformation mechanisms for grain refinement of titanium 
alloys (e.g. Į+ȕ Ti-6Al-4V alloy) with different initial structures, thermomechanical 
parameters and processing routes, two main approaches are highlighted here: one is 
the morphology modification from a Į+ȕ lamellar structure and another is the 
employment of severe plastic deformation through different techniques. 
2.3.3.1 Grain refinement via dynamic/static globularization 
In some titanium alloys, slow cooling from the ȕ phase region may lead to the 
formation of a lamellar Į+ȕ structure. Through proper thermomechanical processing, 
a globular fine grain structure can be obtained from this microstructure [29, 37, 54, 92-
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98]. This process (also called globularization) is, indeed, a prevailing grain refinement 
route for the Į+ȕ titanium alloys such as Ti-6Al-4V. Usually, the material with an 
initial Į+ȕ lamellar structure is plastically deformed at a relatively high temperature 
(i.e. over 800°C) below the ȕ-transus, which is sometimes followed by a post-
deformation annealing treatment. Spheroidization of Į+ȕ plates may take place during 
and/or following hot deformation, referring as dynamic or static globularization, 
respectively [92]. The final microstructure is typically composed of low aspect ratio 
grains with a size of several microns. The morphology modification from lamellar to 
fine globular structures is believed to enhance subsequent superplastic formability of 
the material and hence be of great technological importance for the titanium industry 
[54, 99]. 
The globularization process is generally spilt into two stages: the formation of 
Į/Į interfaces and subsequent conversion of the interface into grain boundaries through 
different mechanisms (Fig. 2-15). For the first stage, the proposed formation 
mechanisms are recovery [88, 95, 100], dynamic recrystallization [101] or shear bands 
[92, 93, 102]. The nucleation of Į/Į interface may result from shearing [88, 95, 100] 
or kinking [94, 102, 103] of Į laths. According to a model established by 
Seshacharyulu et al. (Fig. 2-14a, [88, 95, 100]), dislocations of both signs can be 
generated along the shear direction. The dislocations with the opposite sign may 
disappear on intersecting slip planes as a result of recovery through dislocation cross-
slip. Whereas, the Į/Į interface may nucleate along the shear direction from the 
dislocations with same sign. 
The low angle Į/Į interface can be transformed into high angle grain boundaries 
upon further deformation or heat treatment. This stage can be described using 
spheroidization mechanisms of boundary splitting (Fig. 2-15b, [92, 93, 101]) and/or 
fault migration (Fig. 2-16, [92, 104]). According to the boundary splitting model 
proposed by Margolin, Cohen [101] and Weiss et al. [93], the pre-existing 90° dihedral 
angle interphase Į/ȕ and intraphase Į/Į boundaries are unstable, providing a surface-
tension  driving force for the penetration of ȕ into the Į/Į interfaces (Fig. 2-15b). As a 
result, the lenticular Į/ȕ plates were separated into low aspect ratio grains (Fig. 2-15). 
In addition, a fault migration mechanism (also known as termination migration, Fig. 
2-16) is also broadly referred in static globularization on heat treatment [104, 105]. 
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During the diffusion-controlled process, the solute atoms may transfer from the curved 
surface of a long platelet termination to the flat surface driven by the curvature 
difference. This leads to either spheroidization or coarsening of lamellar platelets by 
means of termination migration. A recent study by Zherebtsov et al. [92] revealed the 
operation of both fault migration and boundary splitting mechanisms associated with 
CDRX during the globularization of a lamellar microstructure. 
 
Figure 2-15: The schematic representation of (a) Į/Į interface nucleation [95] and (b) subsequent 
penetration of beta phase into alpha grain boundaries [93].  
 
Figure 2-16: A schematic representation for the lamella termination migration during heat treatment 
[105]. 
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The grain refinement level through globularization is significantly affected by 
the initial microstructure, deformation parameters and modes. For example, Semiatin 
and co-worker [96, 97] have found that a finer thickness of alpha laths and/or a lower 
deformation temperature could accelerate the globularization kinetics resulting in the 
formation of a finer microstructure. Nevertheless, a grain size reduction limit of ~2 Pm 
is encountered by this approach, which is mainly due to the simultaneous coarsening 
of Į/ȕ grains [27]. 
2.3.3.2 Grain refinement by severe plastic deformation 
Severe plastic deformation (SPD) is one of the most popular methods to produce bulk 
ultra-fine grained (UFG) structure in a wide range of metals and alloys irrespective of 
the stacking fault energies (SFE) [30, 48, 106, 107]. Generally, the UFG material refers 
to any polycrystal with an average grain size of less than 1 μm [30] and the 
aforementioned submicrocrystalline (100-1000nm, SMC) and nanocrystalline (less 
than 100nm, NC) could be considered as UFG structure. Typically, the SPD process 
comprises of an ultra-large plastic strain mostly through multi-pass metal-forming 
operations [108].  
For the purpose of generating an extremely large strain without changing the 
dimensions of bulk metals, different SPD processes such as equal channel angular 
pressing (ECAP) [12-14], accumulative roll-bonding (ARB) [15], high pressure 
torsion (HPT) [16-20], hydrostatic extrusion [21-23] and multi-step isothermal forging 
[24] have been established and applied for the grain refinement of titanium alloys. 
Both cold working and thermomechanical processing can be employed in the SPD 
process. The schematic representation and equivalent plastic strain involved in the 
major SPD techniques are summarized in Table 2-1 [108].  
With the introduction of such a high amount of deformation strain, UFG/NC 
microstructures can be fabricated through the various SPD approaches, to provide high 
strength and fatigue properties suitable for structural and medical applications [109, 
110]. The grain refinement mechanism involved in the SPD processing of titanium 
alloys has been mainly asserted to be continuous dynamic recrystallization (CDRX) 
[15, 48, 111], or grain subdivision [112].  
Chapter 2. Literature review 
- 25 - | P a g e  

Table 2-1: Schematic representation of major SPD processes [108]. 
Process route Schematic representation Equivalent plastic strain 
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Despite the pronounced grain refinement achieved by SPD, this technique also 
has its disadvantages such as the large amount of plastic working energy, special 
equipment and complicated procedures, which restrict its industrial application for the 
manufacturing of bulk workpieces [25, 26, 113].  
Instead of fabricating UFG structure for a whole billet, some other techniques 
were developed to produce fine grained microstructure at the surface of workpieces, 
such as a surface mechanical attrition treatment (SMAT, Fig. 2-17) [114, 115], which 
may also enhance the mechanical properties. SMAT is indeed another effective 
approach to generate localized plastic deformation, which may result in a considerable 
grain size reduction down to nanometers. For instance, a nanostructured gradient 
surface layer up to 50 ȝm thick can be obtained in a commercially pure titanium by 
means of SMAT at room temperature [114, 115]. The mechanism of nano-grain 
formation was believed to be a kind of CDRX process associated with the intersection 
of twins and subdivision of microbands [114, 115]. SMAT is a simple and low cost 
processing route without changing the chemical composition of material. In addition, 
the surface mechanical, tribological, chemical and corrosion properties can be 
enhanced for the bulk material [116]. Although nano-sized grains can only be 
synthesized at the surface layer up to a limited thickness (e.g. ~50 ȝm, Fig. 2-16c), 
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SMAT is still of great significance for both scientific research and industrial 
applications. 
 
Figure 2-17: Schematic illustration of the (a,b) set-up and (c) corresponding distributions of refined 
microstructure, strain and strain rate from the surface to the interior for a specimen subjected to the 
SMAT  [116].  
2.3.4 Grain refinement through a combination of deformation 
and phase transformation 
As mentioned earlier, the level and kinetics of grain refinement can be significantly 
enhanced through a combination of plastic deformation and phase-transformation. 
This is mainly due to the interaction between slip/twinning, restoration and phase 
transformation mechanisms [13, 117-121]. One of the key advantages of titanium and 
its alloys is the presence of multiphase allotriomorphs. This permits a combination of 
plastic deformation and phase transformation as a grain refinement choice, which 
could be potentially achieved without severe plastic deformation. According to the 
sequence of phase transformation and plastic deformation, the grain refinement can be 
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classified into four possible routes (Fig. 2-18, [41]): i) deformation of the parent phase 
followed by phase transformation; ii) deformation after phase transformation; iii) 
multiplication of deformation and phase transformation and iv) simultaneous 
deformation and phase transformation. The former two routes have been somehow 
incorporated earlier in Section 2.3.3. The novel TMP methods highlighted here 
generally refer to the latter two routes, where the grain refinement of titanium alloys 
is accompanied by, or attributed to, the occurrence of phase transformations. 
 
Figure 2-18: Different sequences of combining phase transformation and plastic deformation for the 
production of nanostructured metals. Adapted from [41]. 
2.3.4.1 Dynamic strain induced transformation 
Dynamic strain induced transformation (DSIT) is a kind of TMP approach, which 
comprises of simultaneous deformation and phase transformation when a critical strain 
for the onset of phase transformation has been reached. It was originally developed by 
Hodgson and co-workers [122] to produce a fine ferrite microstructure (i.e. 1-3 micron) 
in low carbon steels and has recently been applied for titanium alloys [123, 124]. 
The isothermal deformation temperature (Td) is a critical parameter for the 
success of DSIT. For steel, the deformation is typically applied in the austenite 
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metastable temperature range, which is slightly above the Ar3 temperature and well 
below the Ae3 temperature (Ar3 and Ae3 refer to the empirical and equilibrium 
austenite to ferrite transformation temperatures of a steel, respectively). When the 
material is deformed, the Ar3 can be readily enhanced to Td. As a result, the austenite 
to ferrite transformation takes place during the deformation (i.e. dynamic nucleation 
and growth), resulting in the formation of fine ferrite grains. A schematic 
representation for the DSIT processing is shown in Figure 2.19. 
 
Figure 2-19: Schematic representative of dynamic strain induced transformation of steel at isothermal 
deformation temperature Td [125]. dȖ refers to the prior austenite grain size. 
By means of DSIT, the average ferrite grain size can be reduced to 1~3ȝm, 
exhibiting superior mechanical properties [126, 127]. DSIT is applicable over a wide 
range of steel compositions with a low cost [5, 125, 126, 128-137]. Moreover, as one 
of the simplest, commercially exploitable [5] and efficient route for ultrafine ferrite 
grains fabrication, DSIT has been the most frequently mentioned thermomechanical 
practice during the last decade [138].  
In terms of the trials with titanium alloys, similar TMP was carried out in the Ti–
6Al–2Sn–4Zr–6Mo alloy (Tȕ =935°C [123]) at 800°C, but limited success was 
achieved (Fig. 2-20). Although the ȕĺĮ transformation was accelerated by the 
deformation, the formation of equiaxed grains as a result of DIST was only locally 
found around the prior beta grain boundaries [123]. In addition, simultaneous 
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nucleation of acicular or lamellar Į phase were observed, which can also be deformed 
during further straining and fragmented into globular Į grains through a 
globularization mechanism [124].  
 
Figure 2-20: a) The thermomechanical schedules and b-d) deformed microstructure of Ti-6246 alloy in 
[124]. 
2.3.4.2 Strain-induced martensite and its reverse transformation 
In metastable beta titanium alloys, the application of plastic deformation may lead to 
the ȕĺĮ'' (orthorhombic) phase transformation due to their metastable phase stability 
[139, 140]. Moreover, a reverse Į''ĺȕ transformation may also occur on reheating. 
This phenomenon is called strain-induced martensite and its reverse transformations 
(SIMRT) and widely found in metastable beta titanium alloys [57, 58, 141] and 
austenitic steels (e.g. Fe-Cr-Ni [142] and Fe-Cr-Ni-Mn [141, 143-145]). Based on this 
phenomenon, a novel thermomechanical grain refinement approach called the SIMRT 
process [57, 141] was developed compromising of a single cycle of conventional cold 
rolling followed by subsequent annealing. 
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The SIMRT process was initially designed for metastable austenitic steels and 
recently applied to beta titanium alloys [57, 141]. For instance, in a metastable beta 
Ti77.5V15.9Al3.6Sn3.0 alloy, a submicron-size ȕ grain structure was fabricated through 
75% cold rolling followed by an annealing treatment at 720ÛC for 1 minute (Fig. 2-21, 
[57]). The refinement mechanism can be classified into two stages according to the 
TMP route: i) the former cold rolling process leads to the formation of fine 
orthorhombic Į'' phase in a deformed beta matrix (Fig. 2-21b); ii) through the 
subsequent heating treatment, Į precipitation and Į''ĺȕ transformations take place 
successively (Fig. 2-21c). The grain refinement mainly takes place at the latter stage, 
where the nano size Į'' and Į phases were reverse transformed into ȕ grains (Fig. 2-
21e). 
 
Figure 2-21: a) The orientation relationship between bcc ȕ phase and orthorhombic Į'' phase. b-e) The 
microstructures of the Ti77.5V15.9Al3.6Sn3.0 alloy after cold-rolling followed by annealing at different 
temperatures for 1 min: (b) 653 K, (c, d) 863 K and (e) 993 K. The nanosized Į precipitates are shown 
in (d) [57] 
The grain refinement mechanism by the SIMRT process strongly depends on the 
stacking fault energy (SFE) of metastable ȕ titanium alloys and their tendency for 
martensitic transformation or twinning upon deformation [140]. For example, a 
different mechanism was revealed by another metastable ȕ alloy Ti–10V–2Fe–3Al 
containing primary Į phase during cold forging [146]. The stress-induced ȕoĮƎ phase 
transformation took place at an early stage of deformation leading to the formation of 
ĮƎ/ȕ lamellae across the original ȕ grains. Upon further deformation, shear bands were 
formed within the ĮƎ/ȕ lamellae, which resulted in ultimate refinement of ȕ phase to 
the nanocrystalline scale in the shear band regions. 
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It should be noted that the SIMRT approach requires a metastable composition 
of the titanium alloy system, which restricts its application to a mature titanium alloy 
such as Ti-6Al-4V. For the design of metastable Ti-based alloys, a Bo-Md diagram 
(Fig 2-22, [147, 148]) was frequently used to denote the phase stability. In the Bo-Md 
criterion, two parameters (i.e. Bo and Md) were theoretically calculated for the 
electronic structures of bcc titanium alloyed with different elements, where the former 
bond order (Bo) evaluates for the covalent bond strength and the later metal d-orbital 
energy level (Md) correlates with the electronegativity and atomic radius [147, 148]. 
 
Figure 2-22: The Bo–Md diagram illustrating the phase stability of Ti-based alloys [147, 148]. 
2.3.4.3 Deformation from a martensitic microstructure  
Recently, another thermomechanical method called martensite processing was 
developed by Tsuji et al. to produce an ultrafine grained microstructure in low carbon 
steels [25, 26, 113]. This process is characterized by conventional cold-rolling from a 
martensitic starting microstructure followed by annealing. When a plain low carbon 
steel (i.e. Fe–0.13 wt% C) is cold-rolled to 50% thickness reduction and subsequently 
annealed at 500°C for 30 min, a multi-phase ultrafine grained structure was produced, 
consisting of ultrafine ferrite grains with a mean size of 180 nm, uniformly precipitated 
nano-cementite and tempered martensite. The grain refinement mechanism is ascribed 
to rapid grain subdivision enhanced by the fine martensite in the initial microstructure, 
which is the key of this process.  
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The martensitic transformation also take place widely in titanium alloys (e.g. Ti-
6Al-4V [149]). For instance, in the Į+ȕ titanium alloys (e.g. Ti-6Al-4V),  an acicular 
Įƍ martensite can be produced by solution treatment in the ȕ phase region followed by 
rapid water quenching [149]. The fine martensitic starting microstructure has been 
considered as a good candidate for plastic deformation to achieve enhanced grain 
refinement in the titanium alloys. However, due to its limited formability at room 
temperature, the martensitic Ti-6Al-4V alloy has been mostly subjected to TMP at 
elevated temperatures [27, 28, 150]. 
Under optimized thermomechanical conditions, this approach can potentially 
lead to extreme grain refinement to 0.5-1 Pm [24, 27, 150, 151], which is comparable 
to the level of grain refinement obtained by severe plastic deformation techniques [23, 
24, 99, 152].  
Inagaki [37, 153] is possibly among the first who reported the formation of fine 
equiaxed D grains ( 2 Pm) through thermomechanical processing of a fine acicular 
martensite microstructure. In this work, warm rolling was applied at a relatively low 
temperature of 750qC to a 95% thickness reduction and the resultant material revealed 
a superior tensile elongation of over 2,000% at 850qC and a strain rate of 0.01/s. Indeed, 
in an earlier work of Peters and Luetjering [150], fine martensite was probably already 
used as the starting microstructure for a TMP comprising of multi-pass rolling 
followed by annealing,  though they called it “lamellar microstructure”.  
Recently, Semiatin et al. [96, 97] found that faster globularization kinetics and 
smaller final grain size can be obtained using a martensitic starting structure compared 
with the lamellar microstructure. For instance, a fine grain structure of 1.8 ȝm was 
obtained by Park and co-authors [29, 103] using cross-rolling of an initial martensitic 
structure to a strain of ~1.4 at 800qC.  
More recently, extreme grain refinement to 0.5-1 Pm was achieved by 
Matsumoto et al. [28] and Park et al. [27] using warm deformation of Į' martensite.  In 
the former work, the deformation was carried out to a strain of 0.8 at 700qC and a 
strain rate of 10 s-1. However, the observation of microstructure refinement was 
restricted to the shear-band region where high strain localization and significant 
adiabatic deformation heating would be expected, resulting in unstable deformation 
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(shear or cracking). The latter work was accomplished by a multi-temperature forming 
process, where multi-step compression to a strain of 1.4 was performed on the 
martensitic microstructure at a decreasing deformation temperature from 800 to 
600 °C using temperature decrements of 50 °C between strain increments. However, 
this approach requires careful temperature control and maybe multi-furnaces for this 
purpose. The martensitic starting material may also have higher tendency of 
deformation instability due to its poor workability. 
Some attempts have been made to explain the grain refinement of the martensitic 
structure using the mechanism introduced to break-up the Į+ȕ lamellar starting 
microstructure (i.e. the formation of Į/Į interfaces and subsequent penetration of ȕ 
phase, so called globularization) [92]. However, the initial martensite microstructure 
has unique features such as the absence of ȕ phase, relatively higher level of residual 
stress and dislocation density due to the shear transformation [154] and a 
supersaturated chemical composition (i.e. Al and V). These microstructural 
differences may lead to different deformation mechanisms in response to a given 
thermomechanical processing route compared with the Į+ȕ lamellar structure. For 
instance, no kinking features and penetration of E phase was observed in the evolution 
of the equiaxed grain structure during hot working of martensitic Ti-6Al-4V [29, 103]. 
More recently, a new mechanism was proposed by Matsumoto et al. [155] suggesting 
that the grain refinement in martensite involves a complex mechanism consisting of 
continuous dynamic recrystallization in the vicinity of intervariant lath 
interfaces/boundaries followed by conventional dynamic recrystallization (i.e. 
nucleation and growth of new grains) in the lath interiors. They have also shown that 
the kinking of laths takes place at an early stage of deformation.  However, Park et al. 
[27] believe the occurrence of DRX is the primary Į grain refinement mechanism. 
Despite the significant progress in the grain refinement through warm 
deformation of martensite, the grain refinement mechanism involved in this processing 
route is still not clear (Table 2-2). In addition, no attempts have been made so far to 
examine the effects of deformation parameters (i.e. temperature, strain rate and strain, 
Table 2-3) and deformation mode on the microstructure evolution, and texture 
development during deformation. In addition, the mechanical and thermal stability of 
the UFG microstructure produced through this approach were not investigated yet. 
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Therefore, a systemic study is required to understand the deformation behaviour of 
martensitic Ti-6Al-4V alloy comprehensively, which is the main motivation of the 
current project. 
Table 2-2: Potential grain refinement routes for titanium alloys 
Refinement 
phase region 
Grain refinement mechanisms 
Į refinement ȕ refinement 
 
Liquid state 
 
transformation 
 
promotion of nucleation 
sites 
 
solidification 
growth restriction 
mechanism associated 
with pronounced boron 
partitioning 
 
 
ȕ 
 
 
 
transformation 
 
Dynamic strain induced 
ȕĺĮ transformation 
 
 
recrystallization 
 
DRX 
strain induced ȕĺĮ'' 
transformation 
 
SRX 
Dynamic assisted induced 
transformation  
 
ȕ+Į 
transformation 
from ȕ and 
recrystallization/
recovery of Į 
 
transformation from Į and 
recrystallization/recovery of ȕ 
 
Globularization 
 
 
 
Į/martensite 
 
 
recrystallization/
recovery 
 
DDRX/ 
CDRX/ 
GDRX 
 
 
 
Reverse 
transformation 
strain induced 
transformation and its 
reverse Į''ĺȕ  
transformation 
precipitation 
rapid/cyclic phase 
transformation Phase 
transformation 
Thermal hydrogenation 
treatment 
As mentioned above, there have been many techniques developed for the 
microstructural refinement of titanium alloys. Among them, some methods have been 
proved to be effective for the microstructural control, which are promising for the 
enhancement of mechanical properties. However, the technical procedure, starting 
microstructure, deformation parameter are quite diverse with different approaches, 
which results in distinct mechanisms as summarized in Table 2-2. In addition, Table 
2-3 listed the final grain refinement level and accumulative strain involved in each 
route potentially applicable for grain refinement of the Ti-6Al-4V alloy. 
 
  
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Table 2-3: A summary of grain refinement level and required strain of different grain refinement 
methods applicable for Ti-6Al-4V alloy 
Grain refinement 
route 
Average grain 
size 
Starting 
microstructure 
Strain 
required
Deformation 
temperature 
Reference
Microalloying 
through casting 
50-200μm 
(prior ȕ grain) 
----- ----- ----- [38] 
Rapid heat 
treatment 
~50 ȝm (prior ȕ 
grain size) 
----- ----- ----- [11] 
Thermal 
hydrogenation 
processing(THP) 
 
200–500 nm 
 
----- 
 
----- 
 
----- 
[82] 
 
Cyclic thermal 
hydrogenation 
processing 
10-20 nm 
(2 cycles) 
 
----- 
 
----- 
 
----- 
[76] 
 
THP+SPD 
 
20–30 nm 
Lamellar 
microstructure after 
THP, CH=0.14 at% 
 
1.61 
 
525–800°C at H =10-3/s
 
[77] 
Globularization 2μm lamellar 2-5 800°C [96, 97] 
Severe plastic 
deformation 
(SPD) 
 
NC 
Lamellar or 
globular Į+ȕ 
martensite 
 
>>2 
 
<600°C 
 
[24] 
Dynamic strain 
induced 
transformation 
~10-20 μm 
(locally 
observed) 
Coarse beta grains  
0.75 
 
935°C at 1/s 
 
[124] 
Martensite 
processing 
500-100 nm Acicular Į' 
martensite 
0.8 
1.4 
T=700°C at H =102/s 
800-600°C at =10-1/s
[28] 
[27] 
2.4 Texture evolution during thermomechanical processing of 
titanium alloys 
The titanium alloys may experience different treatments such as solidification, phase 
transformation, plastic deformation and thermomechanical processing. As a result, 
their grain orientations are rarely randomly distributed. Instead, some patterns tend to 
appear in the crystallographic orientations. In materials science, the preferred or 
aligned orientation of crystalline is called the crystallographic texture or texture. 
Indeed, the deformation texture in hexagonal titanium alloys can be more pronounced 
compared with cubic metals (e.g. steel or Al) due to their low crystallographic 
symmetry [156]. The orientation alignment of polycrystals may lead to the anisotropy 
of many physical properties such as: Young’s modulus, Poisson’s ratio, strength, 
ductility, toughness, magnetic, electrical and thermal properties [157, 158]. An 
example was shown in Fig. 2-23 for the most widely used Ti-6Al-4V alloy. Moreover, 
the dependence of fatigue properties on texture has been frequently reported in the 
titanium alloys [159-165]. Therefore, the texture evolution of titanium and its alloys is 
H
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an important aspect of consideration when the material is subjected to different 
thermomechanical processes. 
 
 
Figure 2-23: (a) The monotonic stress–strain curves and (b) ductility bend curves of a unidirectionally 
rolled Ti-6Al-4V plate tested along the longitudinal and transverse directions. This material has a sharp 
transverse texture (i.e. c-axis parallel to TD; ~19 times random in intensity). The inserts in (a) and (b) 
refer to a schematic of the preferential orientation of hexagonal crystal units subjected to unidirectional 
rolling and an image of the titanium specimens after bend testing, respectively. 
2.4.1 Texture evolution during phase transformation 
The ȕļĮ phase transformation is common in most titanium alloys. As mentioned 
earlier, the Burgers relationship is well obeyed during the transformation. According 
to the Burgers relationship, an alpha orientation gives rise to 6 possible beta variants 
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(indeed 12 possible variants as shown in Fig. 2-24 [45, 54, 163]) during Įĺȕ phase 
transformation, while 12 alpha variants can result from a beta orientation through the 
reverse ȕĺĮ transformation (Fig. 2-12, and Table 2-4). In this case, it would be 
expected that if a titanium alloy is subjected to ĮĺȕĺĮ transformation, the initial 
texture would be randomized as 72 (i.e. 6×12) or more variants may arise from an 
initial alpha grain/orientation. However, this is not the case in most titanium alloys. 
Instead, a so-called texture memory effect was observed in most titanium [166-174] 
and zirconium alloys [175, 176], where the final texture after ĮĺȕĺĮ or ȕĺĮĺȕ 
transformations maintained a similar characteristics to its initial microstructure prior 
to the phase transformation cycle.  
 
Figure 2-24: A schematic of the Burgers orientation relationship viewed from [0001]Į: a) 6 ȕ variants 
with a common (110) plane may arise along each <a> directions of a parent alpha grain/orientation. 
However, they are 10.5° apart from each other. b) 6 additional ȕ variants with the same (110) common 
plane can be generated, leading to a total of 12 ȕ variants; c) These beta grains has a twin relationship 
as they can be rotated to each other by 60° or multiples of 10.5°.  This relationship can be frequently 
observed in titanium alloys [45, 54, 163]. 
  
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Table 2-4: Twelve possible Į variants generated from ȕ through the Burgers OR [177]. 
Variant Plane Parallel Direction Parallel 
V1 (1ͳത0)E __ (0001)D [111]E __ [11തʹ0]D 
V2 (10ͳത)E __ (0001)D [111]E __ [11തʹ0]D 
V3 (01ͳത)E __ (0001)D [111]E __ [11തʹ0]D 
V4 (110)E __ (0001)D [ͳത11]E __ [11തʹ0]D 
V5 (101)E __ (0001)D [ͳത11]E __ [11തʹ0]D 
V6 (01ͳത)E __ (0001)D [ͳത11]E __ [11തʹ0]D 
V7 (110)E __ (0001)D [1ͳത1]E __ [11തʹ0]D 
V8 (10ͳത)E __ (0001)D [1ͳത1]E __ [11തʹ0]D 
V9 (011)E __ (0001)D [1ͳത1]E __ [11തʹ0]D 
V10 (1ͳത0)E __ (0001)D [11ͳത]E __ [11തʹ0]D 
V11 (101)E __ (0001)D [11ͳത]E __ [11തʹ0]D 
V12 (011)E __ (0001)D [11ͳത]E __ [11തʹ0]D 
The texture evolution during Įļȕ phase transformation has been investigated 
extensively in CP Ti and Į+ȕ titanium alloys and recently reviewed by Banerjee et. al 
[45]. The texture inheritance was linked to the variant selection mechanism or 
incomplete phase transformation in previous reports [171, 175]. However, the detailed 
characteristics and mechanism for texture evolution during phase transformation were 
believed to be affected by a vast variety of both intrinsic and extrinsic factors.  
With respect to the Įĺȕ transformation, the phase composition and deformation 
state of the starting material may affect the formation of high temperature ȕ textures 
in different ways [166-176]: 
i) The Įĺȕ transformation from a single alpha phase is principally governed by 
the nucleation of ȕ phase from Į grains with Burgers OR. The variant selection 
may take place during this process due to preferential nucleation at heavily 
deformed bands [166], recrystallization [168], thermal stress or phase 
transformation strain [176], resulting in a sharp beta texture [168]. In addition, 
the 6 possible beta variants from each Į variant or grain may share a common 
(110) plane during transformation. A twin relationship can be present between 
these daughter beta grains as they have different <111> directions rotating with 
respect to each other (i.e. about the parent c-axis, Fig. 2-24) [45, 178], which 
may in turn influence the subsequent ȕĺĮ transformation texture. 
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ii) In general, there are two possible situations for the Įĺȕ transformation from a 
two-phase Į+ȕ initial microstructure [45]. On one hand, the transformation can 
be attained through diffusional grain growth of the pre-existing ȕ grains. In this 
case, the initial ȕ texture is largely maintained after transformation. On the other 
hand, new ȕ grains may nucleate from neighboring Į grains under certain 
circumstances such as subtransus processed structures. The Burgers OR was 
followed for the latter situation and the resultant ȕ transformation texture may 
differ from its counterparts at low temperature (Fig. 2-25, [45]).  
 
Figure 2-25: The texture evolution of a recrystallized Ti–6Al–4V alloy measured by in-situ neutron 
diffraction during Į ĺ ȕ phase transformation: (a) room temperature – Į phase, (b) 800 °C – Į phase, 
(c) 950 °C – Į phase, (d) 800 °C – ȕ phase and (e) 950 °C – ȕ phase [174]. 
The ȕĺĮ transformation can take place through diffusion and diffusionless (i.e. 
shear) mechanisms, depending on the cooling rate and alloy composition. This may 
give rise to different phase transformation products such as massive Į microstructure 
in pure titanium and martensitic Į' or lamellar Į+ȕ microstructure in Į+ȕ titanium 
alloys. As the Burgers OR is more or less obeyed during the phase transformation, the 
preferential orientation can commonly be found in Į if the high temperature ȕ phase is 
textured (Fig 2-26, [45]). Depending on the occurrence and extent of variant selection, 
distinct transformation Į textures were developed. The variant selection during ȕĺĮ 
transformation may arise from numerous mechanisms including: residual or external 
stress [179], remnant Į precipitates [180-182], metallurgical ȕ defects [166, 183-185], 
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ȕ/ȕ grain boundary characteristics [45, 54, 172-174, 178, 186-188], ȕ grain shape [189] 
and a self-accommodation mechanism [177, 188]. However, the detailed variant 
selection mechanism is still not well understood due to its complexity [170, 179, 184-
188, 190-192]. 
 
Figure 2-26: The texture inherence during ȕĺĮ phase transformation of Ti–6Al–4V following the heat 
treatment described in Fig 2.25: (a) ȕ texture at 1250 °C and (b) Į phase at 210 °C [174]. 
It should be noted that, the transformation texture can be very pronounced in 
most cases. This requires a careful consideration either for the purpose of structural 
application or as a starting microstructure of thermomechanical processing. Moreover, 
as the prior beta grains are generally very coarse and thermodynamically unstable at 
ambient temperature, the ȕ texture is not easy to be directly measured through the 
conventional XRD or EBSD. However, the ȕ texture can be tracked through in-situ 
neutron diffraction techniques [171, 174] and/or the reconstruction of parent ȕ grain 
orientation from EBSD data of transformed Į variants, according to the Burgers OR 
[173, 184-186, 188]. 
2.4.2 Texture evolution during deformation 
The development of the deformation texture is closely dependent upon the activation 
of different slip/twinning systems and possible microstructure evolution. It would be 
necessary to review the deformation mechanism properly in order to achieve a 
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comprehensive understanding of the texture evolution mechanism during plastic 
deformation.  
According to the Von-Mises criterion, a homogenous plastic deformation 
requires 5 independent slip systems. It is well known that titanium is not easy to deform 
due to the limited slip systems in its instinct hcp structure: 3 slip systems per hcp unit 
cell compared with 12 for cubic structure [45]. Since the c/a ratio of alpha titanium 
(e.g. 1.587 for pure titanium [1]) is less than the ideal value of 1.633, its deformation 
involves a complex combination of slip and twinning systems (Fig. 2-27).  
 
 
Figure 2-27: Schematic of different (a) slip and (b) twinning systems in hcp materials [193, 194]. 
As shown in Fig. 2-27a, the slip systems in hcp titanium include: i) 3 basal (0002) 
planes, 3 prismatic {1010 } planes, and 6 pyramidal {1011 } planes glide with a 
1120 !  Ԧܽ Burgers vector and ii) 12 pyramidal {1011} planes and 6 {1122 } planes 
with the <1123> Ԧ + Ԧܽ Burgers vector. The former group of <1120 > type slip systems 
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may provide 12 slip possible systems in total. However, only 4 independent slip 
systems are actually present as the basal and prismatic slip give rise to the same shape 
change as the pyramidal slip. Hence, the participation of the Ԧ + Ԧܽ slip or twinning 
systems is necessary for a homogenous plastic deformation of polycrystals, which is 
consistent with the observation of  Ԧ + Ԧܽ type dislocations in most titanium alloys. The 
critical resolved shear stress (CRSS) for different slip systems are distinct and vary 
with alloy composition, deformation temperature and work hardening. Generally, the 
ease of activity of these slip system are:Ԧ + Ԧܽ slip << basal Ԧܽslip < prismatic Ԧܽslip 
[195]. 
In addition, if the stress is imposed along the c-axis, {1011}, {1122 } twins in 
compression and the {1012 } and {1121} twins in tension may take place because of 
the limited slip systems in hexagonal titanium (Fig 2-27b). Generally speaking, the 
{1012}  twinning is frequently observed for deformation of titanium at room 
temperature, whereas the occurrence of {1121} and {1122 } twins requires a relatively 
low temperature and high stress level. In comparison, the {1011 } twin is rarely 
observed [196]. It usually takes place concurrently with Ԧ + Ԧܽ slip during compression 
of titanium at 400-800°C. Also, the activity of twinning depends on the microstructure 
(e.g. grain size), texture and composition of the alloy. For example, the alloying 
elements such as oxygen or aluminum are believed to suppress twinning [1]. 
2.4.2.1 Texture evolution of ȕ during deformation 
The deformation of bcc metals is dominated by the {110}<111> slip system. The ȕ 
deformation texture was studied in a number of works [184, 197, 198] and recently 
reviewed by Banerjee and co-workers [54]. As in other bcc alloys (Fig. 2-28 and Table 
2-5), the conventional rolling process of ȕ titanium alloys tends to give rise to an Į 
fibre (<110>//RD ) or Ȗ (<111>//ND ) fibre texture, corresponding to the ideal 
orientation ranging from {001}<110> to {111}<110 > and from {111}<110 > to 
{111}<112>, respectively [199]. These two ȕ rolling textures can be readily shown in 
the ĳ2=45° section of the ODF (Fig. 2-28, [181]). Previous work has shown that the Ȗ 
fibre is weakened with an increase of ȕ/Į ratio in the Ti-6Al-4V alloy. In addition, the 
reinforcement of the (45°, 0°, 0°) texture component and weakening of the Ȗ fibre were 
Chapter 2. Literature review 
- 43 - | P a g e  

observed by Gey et al. (Fig. 2-29, [184]) as a result of an increase in the rolling 
reduction during hot rolling of the Ti-6Al-4V alloy at 1050°C (i.e. in the ȕ-field).  
 
Figure 2-28: Typical texture components in rolled bcc metals shown by the ODF section of ĳ2=45° 
[181, 199]. 
Table 2-5: The ideal orientation and Bunge Euler angles of typical rolled and recrystallized bcc 
texture component shown in Fig. 2-28 [181, 199]. 
Name of 
component 
Code in 
Fig. 2-28 
Ideal orientation
{ }hkl uvw !  
Bunge Euler angles 
1 2, ,M I M  
Cube 
Rotated cube 
 
Ȗ-fibre 
 
 
Į-fibre 
Goss 
 C 
H 
E1 
E2 
F1 
F2 
I 
G 
{001}<100ޓ 
{001}<110ޓ 
{111}<110ޓ 
{111}<110ޓ 
{111}<11തʹޓ 
{111}<11തʹޓ 
{112}<ͳത10ޓ 
{110}<001ޓ 
45      0       45 
0        0       45 
0       55      45 
60     55      45 
30     55      45 
90     55      45 
0       35      45 
90     90      45 
 
Figure 2-29: The (100) and (111) pole figures representing the beta texture of a Ti-6Al-4V alloy rolled 
at 1050 °C to 75% thickness reduction [184].   
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2.4.2.2 Texture evolution of Į during deformation 
The Į texture development during conventional rolling of titanium has been reviewed 
in several reports [150, 156, 158, 200-203]. Generally speaking, the rolling texture can 
be categorized into two groups in alpha titanium (Table 2-6): I) a basal component 
characterized by the c-axis close to the normal direction (ND) of the rolling plate/sheet 
and II) another one with the c-axis orientated towards the transverse direction (TD) 
known as the transverse texture [150, 200] or T-texture [156, 203]. The basal 
components can be further divided into 3 different categories: i) the first one featured 
by c-poles tilted ~10-40° from ND to TD (i.e. R-texture), ii) the second one (i.e. B-
texture) having basal poles inclined from ND to the rolling direction (RD) and iii) the 
last one with the c-axis parallel to ND  (i.e. C-texture). 
Table 2-6: The (0002) pole figures along with schematic representations for different types of Į 
deformation texture in titanium alloys [68, 159, 204, 205]. 
Texture type and 
material conditions 
          (0002) 
       Pole Figure 
Texture type and 
material conditions 
(0002) 
Pole Figure 
 T-texture  
 1050°C×15 
min/WQ; 
unidirectional 
rolling at 960°C 
(İ = 1.4)/WQ; 
800°C×1h/WQ 
 Ref [159]    
 R-texture  
 Ti-6A1-4V 
alloy; 
deformation 
condition not 
known 
 Ref [204] 
 
 B-texture  
 1050°C×15 
min/WQ; cross 
rolling at 800°C 
(İ =1.4)/WQ; 
800°C×1h/WQ 
 Ref[159] 
 
 C-texture 
 Ti-6.3A1-2.7V 
alloy after 
rolling at 800 °C 
 Ref [205] 
 
 B/T-texture 
 1050°C×15 
min/WQ; 
unidirectional 
rolling at 800°C 
(İ =1.4)/WQ; 
800°C×1h/WQ 
 Ref[159] 
  
 
  
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The variety of deformation textures can arise from different chemical 
compositions, phase ratios and deformation conditions, which may lead to different 
c/a ratios and various combinations of slip/twinning systems (Table 2-7): 
i) T-texture is usually found in Į+ȕ titanium alloy hot rolled at the high end 
of the Į+ȕ phase regime. The dominance of the prismatic <a> slip [200, 
203] and cooperative occurrence of prismatic {1010} , pyramidal {1011}
<a>  slip as well as {1012} tensile and {1122}compressive twinning was 
responsible for the formation of this kind of texture (Fig. 2-30, [201]). In 
addition, Peters and Lütjering [150] found that the T-texture can be 
suppressed through cross rolling, suggesting close dependence on the 
shear strain along the RD. 
ii) The formation of the R-texture was mainly attributed to the relative 
preferential activity of {1010} and {1011} glide or cross slip in <a> 
direction with participation of pyramidal <a>, <c+a> glide and {1012}
twinning.  R-Texture is found in cold to warm rolling of commercial purity 
titanium, which may undergo dynamic recovery and/or continuous 
dynamic recrystallization (CDRX) [206-208].  
iii) Contrary to the R-texture, a B-texture comprising two basal poles oriented 
from ND to ±RD is usually produced through cold to warm rolling of 
alloyed alpha titanium (e.g. Ti-6Al-4V). The formation of B-texture 
reflects the popularity of pyramidal <c+a> and basal slip systems [156, 
158, 200-203].  
iv) The appearance of R-texture or B-texture mainly depends on the c/a ratio 
of hcp titanium, which is strongly affected by the chemical composition 
and/or deformation temperature of the material. This is because a higher 
c/a ratio (e.g. Ti-6Al-4V alloy compared to CP Ti [171]) restrains the 
relative activity of prismatic and pyramidal <a> slip systems (i.e. soft slip 
system) and favors the operation of basal <a> and pyramidal <c+a> slip 
systems [198]. In addition, the effect of twinning on Ti-6Al-4V texture is 
less pronounced as the alloying elements of Al or O suppress twin 
formation [1, 201, 202].  
v) The last type of C-texture is usually found at higher rolling reductions and 
is attributed to the activation of an additional basal glide. 
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Table 2-7: The influence of deformation systems on the texture evolution in hcp titanium [156, 196]. 
Name of slip/twinning 
system 
Burgers vector of 
shear direction 
Glide plane or 
shear plane 
Related cold-rolling 
texture type 
Basal glide  
1/3<1120 > 
(<a>) 
{0001} R-type, C-type 
Prismatic glide {1010}  T-type 
<a> Pyramidal glide {1011} / 
<c+a> Pyramidal (I) glide 1/3<1123 > 
(<c+a>) 
{1011} T-type 
<c+a> Pyramidal (II) glide {1122}  T-type 
{1012}Tension twin 1101 !  {1012}  C-type 
{1121} Tension Twin 1126 !  {1121}  C-type 
{1011} Compression twin 1012 !  {1011} / 
{1122} Compression twin 1123 !  {1122}  T-type 
 
Figure 2-30: The evolution of (a) slip and (b) twinning activity during cold rolling of a Ti-6Al-4V alloy 
through modelling [201]. The CRSS’s ratio approximation for prismatic <a>, basal<a> and pyramidal 
<c+a> slip systems is about 1:3-6:4-10 [202].  
Sometimes, the information displayed by the (0002) pole figures is not sufficient 
to describe an hcp texture precisely. The additional {1010}  and/or {1120} pole figures, 
ODF sections and corresponding ideal orientation or the Euler angles are frequently 
used in the literature. The different notations of the typical alpha textures are 
summarized in Fig. 2-31. 
Most deformation mechanism studies for texture evolution were based on 
simulation or modelling of cold rolling. During thermomechanical processing of 
titanium, the texture evolution can also be affected by the restoration processes such 
as dynamic recovery, recrystallization and phase transformation, as discussed in 
Section 2.2.2. Detailed literature review suggests that various intrinsic and extrinsic 
factors (e.g. deformation strain and temperature) and their interactions may influence 
the activity and extent of deformation/twinning systems (e.g. Fig. 2-30) substantially 
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altering the texture characteristics (e.g. Fig. 2-32). As a result of these complexities, 
so far there has been a lack of understanding of the texture evolution during TMP of 
titanium alloys. 
  
Figure 2-31: The major rolling texture orientation of hcp titanium displayed by the (0001) pole figure, 
ODF sections of ĳ2=0° and ĳ2=30°, ideal orientation and Euler angles. The orthorhombic sample 
symmetry and Bunge Euler angles are used here. Adapted from [209]. 
 
Figure 2-32: A schematic representation of the Į crystallographic texture characteristics in Į+ȕ titanium 
alloys (e.g. Ti-6Al-4V) after rolling at different temperature region (shown by (0002) pole figures) [1]. 
2.4.3 Texture evolution during post-deformation annealing 
Following plastic deformation, the titanium alloys can be subjected to different 
annealing processes, which lead to a variety of microstructures and textures. For the 
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Ti-6Al-4V alloy, the conventional annealing can be operated either in the ȕ phase 
region (i.e. beta annealing) or in the Į+ȕ phase region (Table 2-8). Depending on the 
purpose and time-temperature frame, the latter can be further separated into 
recrystallization annealing, duplex annealing and mill-annealing [31, 150]. Similar to 
the phase transformation, the replacement of deformed grains by recrystallized ones 
during the annealing treatment may lead to significant changes in texture (so called 
recrystallization texture). 
Table 2-8: Typical final annealing heat treatments for Į/ȕ Ti-6Al-4V alloy [37]. 
Heat treatment Heat treatment cycle Microstructure 
Beta  
annealing 
Solution treat at ~15°C above Tȕ air 
cool, and stabilize at 650-760°C for 2 h 
Widmanstätten Į+ȕ colony 
microstructure 
Duplex 
annealing 
Solution treat at 50-75°C below Tȕ air 
cool, and age for 24 h at 540-675°C 
Primary Į plus 
Widmanstätten Į+ȕ regions 
Recrystallization 
annealing 
925°C for 4 h, cool at 50°C/h to 760°C, 
air cool 
Equiaxed Į with ȕ at grain 
boundary triple points 
 
Mill 
annealing 
 
Į+ȕ hot work + anneal at 705°C for 30 
min to several hours and air cool 
Incompletely recrystallized Į 
with a small volume fraction 
of small ȕ particles 
As mentioned above, static crystallization followed by grain growth takes place 
quickly above the beta transus temperature in commercial titanium alloys such as Ti-
6Al-4V. Upon ȕ annealing of a Ti-6Al-4V hot-rolled in the Į+ȕ phase field, the texture 
characteristics of the hot rolled bcc alloys (i.e. Į-fibre and/or Ȗ-fibre) can be either 
largely maintained [170] or altered (Fig. 2-33a-d, [174]), depending on the TMP 
conditions (e.g. deformation temperature, strain and phase ratio). Through static 
crystallization followed by grain growth, typical texture strengthening was observed 
(Fig.2-33c,d) [174, 197], which may in turn affect the ȕ grain growth kinetics [210]. 
The ȕ grain growth can be controlled through alloying with Boron [211] or Yttrium 
[173], resulting in a less pronounced ȕ annealing texture. 
The recrystallization texture is slightly different in CP titanium and Į+ȕ titanium 
alloys. The annealing behaviour of cold rolled CP Ti alloy has been well established 
[207, 212, 213]. The replacement of the deformed microstructure by newly formed 
dislocation-free equiaxed grains was achieved through a two-stage recrystallization 
(i.e. nucleation followed by subsequent grain growth), whereas the recrystallization 
texture was characterized by a 30° rotation around the c-axis (Fig. 2-34) [212, 214].  
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Figure 2-33: The ȕ texture evolution (ODF section of ĳ2=45°) of a recrystallized Ti–6Al–4V alloy 
reheated at different temperatures: (a) 800°C, (b) 950°C, (c) 1050°C and (d) 1250°C [173]. 
 
Figure 2-34: The ODF section (ĳ1= 0°) of an 80% cold rolled CP Ti followed by annealing at 500°C for 
different times: (a) 40 min, (b) 80 min, (c) 160 min, (d) 210 min, and (e) 360 min [212]. 
However, in terms of the alpha texture in the hot rolled Į+ȕ titanium alloys such 
as Ti-6Al-4V, it was believed to be quite stable upon annealing [150, 200], even 
though the globularization followed by grain growth of the as-deformed material may 
take place during this process. Recent reports have revealed that the microstructure 
transformation from partially fragmented Į+ȕ lamellar structure to fully globular Į+ȕ 
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grains was accompanied with a progressive sharpening of both the basal and transverse 
textures (Fig. 2-35) [170, 171, 215, 216], similar to the evolution of the beta annealing 
texture.  
 
 
Figure 2-35: The texture evolution before, during and after recrystallization annealing at 950 °C of a 
Ti-6Al-4V alloy after 50% cross-rolling at the same temperature: a) the Į and ȕ pole figures measured 
by in-situ synchrotron X-ray diffraction (SXRD); b) the evolution of Į texture intensity (J) 
corresponding to the in-situ SXRD measurement in (a); c) the texture intensity evolution of Į phase 
after recrystallization annealing at different times followed by cooling measured using ex-situ 
laboratory XRD technique. In (a), RD1 corresponds to the 12 o’clock position, RD2 to the 9 o’clock 
position and ND to the centre of the pole figures [216].  
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2.5 Summary 
A comprehensive background and overview on the grain refinement of titanium alloys 
has been provided in this chapter. The primary points and issues arising can be 
summarized as follows: 
i) The microstructural control through grain refinement is a proven way to 
optimize the mechanical properties of titanium alloys [37, 77, 153] and 
widen their applications.  
ii) There are a number of different grain refinement mechanisms applicable 
for titanium alloys, as summarized in Table 2-2. The operation of these 
mechanisms depends on the specific technical approach, starting 
microstructure and processing parameters. A detailed literature review 
suggests that various thermomechanical processing approaches consisting 
of plastic deformation and solid-solid reactions in titanium alloys have the 
potential to give rise to more pronounced grain refinement in titanium 
alloys. 
iii) With consideration of the level of grain refinement (Table 2-4) and ease of 
industrial application, a novel approach by thermomechanical processing 
of a martensitic starting microstructure stands out for the purpose of grain 
refinement in titanium alloys (e.g. Ti-6Al-4V). A relatively lower 
deformation strain is required for this approach, while extreme grain 
refinement to 0.5-1 Pm [27, 28] can be attained, which is comparable to the 
level of grain size produced by severe plastic deformation techniques [23, 
24, 99, 152].  
iv) Despite a number of investigations on the hot-to-warm deformation 
behaviour of martensite in titanium alloys, the detailed grain refinement 
mechanism is still not well understood. The proposed mechanisms mostly 
refer to conventional globularization [24, 29], discontinuous DRX [28] and 
continuous DRX [27]. Moreover, the martensite is supersaturated in 
alloying elements due to the non-equilibrium cooling rate and also have a 
high dislocation density due to the shear transformation. During 
deformation, it would be expected that the beta phase precipitation is 
significantly enhanced, though the ȕ formation in this process has rarely 
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received any attention in previous studies. It would be necessary to study 
the microstructure evolution in detail to comprehensively understand the 
mechanism of UFG formation through TMP of a martensitic starting 
microstructure. 
v) In addition, there is a lack of information about the influence of 
thermomechanical parameters (i.e. temperature, strain rate and strain) and 
deformation mode on UFG formation in this approach. Therefore, it is 
essential to systematically examine the TMP factors along with 
deformation modes (e.g. uniaxial compression, symmetric and asymmetric 
rolling techniques). 
vi) The mechanical and thermal stability of UFG materials is important for 
their application due to a general high stored energy [46, 217]. With regards 
to titanium alloys, the UFG structure has been successfully produced by 
means of various techniques [24, 27, 28, 76]. The mechanical response and 
superplastic deformation behaviour was also assessed in some studies [27, 
76]. Thereby, it becomes imperative to understand the thermal stability of 
the UFG structure at elevated temperatures, where superplastic 
deformation or inter-pass holding of the material for multi-pass hot 
working are typically conducted. 
vii) The last, but not least, aspect is about texture development, which may 
affect most properties and applications of titanium alloys. A typical 
thermomechanical processing of martensitic titanium includes the 
Į+ȕĺȕĺĮ' transformation to produce a fully martensite microstructure, 
deformation of martensite at elevated temperature, which may be followed 
by post-deformation annealing. However, the texture evolution throughout 
these processes was rarely considered in previous work 
2.6 Objectives 
Base on the current literature survey, the existing gaps in the grain refinement of 
titanium alloys using TMP of martensite starting microstructure were identified. The 
current study aims to address the following objectives: 
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i) The mechanism of UFG formation through TMP of a Ti-6Al-4V alloy with 
a martensitic starting microstructure; 
ii) The impact of TMP parameters and deformation mode on the grain 
refinement and texture evolution;  
iii) The stability of UFG microstructure and texture evolution during post-
deformation annealing.
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Experimental techniques  
3.1 Introduction 
The current chapter outlines the experimental procedures used in the current work. 
Section 3.2 describes the experimental material and the prior deformation heat 
treatment applied on the material. In section 3.3, the thermomechanical processing 
routes are defined. In addition, the microstructure and texture characterization methods 
such as optical microscopy, scanning electron microscopy (SEM) including electron 
backscattered diffraction (EBSD), transmission electron microscopy (TEM) and X-ray 
diffraction (XRD) are illustrated in section 3.4. Finally, section 3.5 refers to the 
mechanical testing methods used here to evaluate the mechanical properties.    
3.2 Material 
The material used in the current study was an alpha/beta Ti-6Al-4V alloy having a beta 
transus temperature of 996±14°C. The raw materials were received as-extruded rods 
with a 10 mm diameter in the annealed condition and hot rolled plate with a thickness 
of 5.75 mm. The alloy composition for the rod material was 6.05Al, 3.98V, 0.12O, 
0.092Fe, 0.01N, 0.04C, 0.002H and balance Ti (in wt.%). With regards to the initial 
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microstructure, the rod material consisted of equiaxed Į grains of about 2.4 μm 
average diameter with a small amount of intragranular ȕ phase (Fig. 3-1a), while the 
plate material had an initial bimodal lamellar microstructure composed of elongated Į 
grains with a thickness of 1.3 μm and a finer ȕ phase with a layer morphology (Fig. 3-
1b). Both rod and plate materials were subjected to solution treatment above the beta 
transus temperature followed by rapid water quenching to form an acicular lath 
structure (i.e. martensite, Fig. 3-1c). According to the CCT diagram (Fig. 2-5a), a fully 
martensite microstructure can be produced if the cooling rate is greater than 410°C/s 
[39]. This was confirmed by XRD analysis (Fig. 3-1d) as there was no presence of beta 
phase in the as-quenched microstructure. 
 
Figure 3-1: a) EBSD band contrast images of the as-received Ti-6Al-4V rod. Black lines represent Į-Į 
grain boundaries with misorientation angle (T) greater than 15. The beta phase is shown in blue. The 
arrow in (a) represents the compression direction. b) AsB images of the as-received Ti-6Al-4V plate, 
the bright area refers to beta phase. ND and RD in (b) represent normal and rolling directions, 
respectively. c) Optical image and d) XRD patterns of the Ti-6Al-4V alloy with a starting martensitic 
microstructure produced by solution treatment at 1100°C. 
  
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3.3 Thermomechanical processing schedule 
3.3.1 Uniaxial hot compression 
3.3.1.1 Testing machine and sample preparation 
A computer controlled servohydraulic thermomechanical treatment simulator 
(Servotest) was used for isothermal hot compression testing (Fig. 3-2a,c). The machine 
was equipped with an automated testing system including an induction furnace, a 
muffle furnace and a computer data-acquisition system, from which temperature-time 
and stress-strain curves were determined. In the current study, the induction furnace 
was used for pre-heating and post-deformation cooling (e.g. water quenching) of the 
sample. The cooling system embedded in the induction unit employed water, gas or 
water-gas mixture, depending on the cooling pattern. The deformation took place in 
the muffle furnace (i.e. test furnace), where the samples were uniaxially compressed 
by a pair of ceramic tools (Fig. 3-2c). This machine provides a maximum load of 
500 kN, a strain rate of over 100 s-1, and a pre-heating and test temperature of up to 
1200°C [218]. The maximum frequency for data-acquisition was 2000 Hz. 
Cylindrical specimens for uniaxial hot compression were made with a diameter 
of 10 mm and a height of 15 mm from the martensitic titanium rods (Fig. 3-2b). The 
compression axis was parallel to the rod extrusion direction. A thermocouple hole was 
drilled close to the centre height of the specimens to monitor and record the 
temperature changes throughout the processing.  
The specimens were firstly dipped into a dispersion of glass frit in water (i.e. 
Deltaglaze) to form a uniform layer of protective coating to prevent oxygen absorption 
at high temperature. Boron nitride and graphite powder were also employed as 
lubricants to minimize the friction between the tools and specimen. Moreover, argon 
gas was also used in the induction furnace to maintain the lubricating capability of 
boron nitride. A schematic representation of the isothermal hot working schedule is 
shown in Fig. 3-3.  
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Figure 3-2: a) The Servotest machine. b) Schematic representation of the uniaxial compression sample. 
c) A view of the sample in the test furnace. The open arrows in (b) represent the compression direction. 
 
Figure 3-3: Schematic representation of the isothermal hot compression testing 
3.3.1.2 Stress-strain curves  
The flow curves were obtained through analysis of the as-measured temperature-time-
load-displacement data. The true strain (H ) and true stress (V ) can be determined as: 
0ln( / )h hH                                                                                                  (3.1) 
/F AV                                                                                                       (3.2) 
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where 0h  is the initial height of a specimen, h is the instantaneous height, F is the 
measured load and A is the instantaneous cross-section area. Assuming that the 
specimen volume is constant during deformation, the value of A can be estimated using 
the initial dimension of the specimen and the measured height, without considering the 
barrelling effect, yielding: 
2
0
4Fh
d
V S                                                                                                      (3.3) 
However, despite the use of lubricant, friction still exists between the specimens and 
the dies, which could lead to an increase in the applied stress on the samples. In the 
current work, the stress-strain curve was corrected using [219]: 
> @
2
2 exp( ) 1
qP
q q
V                                                                                  (3.4) 
with 
dq
h
P                                                                                                        (3.5) 
where P is the pressure and ȝ denotes the friction coefficient determined by the level 
of specimen barrelling using [220]: 
/ 2
4 / 3 2 / 3 3
db h
b
P                                                                                    (3.6) 
with 
4 d hb
d h
'  '                                                                                              (3.7) 
where d' is the difference between the maximum and minimum diameter of the 
deformed specimen and h'  is the difference between initial and final height of the 
sample. In the current work, a friction coefficient of 0.2 was used for all 
thermomechanical conditions. 
During plastic deformation of titanium alloy, approximately 95% of the plastic 
work energy is instantaneously converted into heat [221]. As a result, the deformation 
heating may become remarkable at high strain rates. In the current work, a temperature 
rise of as much as 170°C was observed at a deformation temperature of 600°C and a 
strain rate of 1s-1 (see Fig. 4-4), which may result in significant flow softening. 
Therefore, a correction for adiabatic heating is necessary. The increase of temperature 
was evaluated using [97]  
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where ȡ is density, PC is the specific heat, 0
0
d
H H
H V H
'³  is the area under the stress-strain 
curve corrected with the fraction and K  is the adiabaticity factor defined as [222] 
Actual
Adiabatic
T
T
K ' '                                                                                               (3.10) 
Assuming that /d dTV is constant for a given material, the flow stress corrected by 
adiabatic heating can be expressed as: 
0
0
0.95
P
d d
d C
H H
H
V KV V V HH U
'    ³                                                                  (3.11) 
The term K  was considered to be independent of strain and temperature, generally 
taken as a constant of > @3 log( ) / 3H  ,  which equals to 0.0, 0.25, 0.50, 0.75 and 1 for 
strain rates of 10-3, 10-2, 10-1 and 1 s-1, respectively. However, Goetz and Semiatin 
[222] found that the value of K  is not constant with strain and proposed an analytical 
expression: 
 
1
1
/ 1/ /W W D D W Px K HTC x K x C
HK U H
ª º' « » ¬ ¼
                                     (3.12) 
where Wx is one-half of the workpiece height, HTC is the interface heat-transfer 
coefficient, Dx  is the distance from the die surface to the die interior, and WK  and DK  
are the workpiece and die thermal conductivities, respectively.  
In the current work, /d dTV was calculated by plotting the peak stress against 
corresponding deformation temperature (Fig. 3-4a), where the effects of deformation 
heating and can be ignored. Some other parameters for flow stress correction are listed 
in Table 3-1. An example of the estimated and measured temperature rise as a function 
of strain is also illustrated in Fig. 3-4b, along with the corrected flow curves shown in 
Fig. 3-4c. 
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Figure 3-4: a) Peak stress as a function of deformation temperature for different strain rates. b) The 
estimated and measured temperature rise as a function of strain. c) An example of the measured and 
corrected flow curves at a deformation temperature of 700°C and a strain rate of 0.1 s-1. 
Table 3-1: Parameters used for flow stress correction 
Parameter Value 
U kg/m3 4.43×103 
 
PC  
 
J/kgK 
673  Td=600°C 
770  Td=700°C 
868  Td=800°C 
913  Td=900°C 
WK  W/mK 1.45 
HTC  W/mK 5×103 
DK  W/mK 200 
Wx  m 7.5×10
-3 
Dx  m 1×10
-3 
3.3.1.3 Inhomogeneity of deformation 
Although the cylinder sample is deformed in an axisymmetric manner during uniaxial 
hot compression, the deformation strain is usually not homogeneously distributed 
throughout the material. In reality, there are different forms of deformation 
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nonuniformities depending on the varieties of materials and testing conditions. For 
example, barreling of cylindrical test samples is very commonly observed as a result 
of friction even for the well-lubricated sample condition. In addition, the 
inhomogeneity in initial microstructure and/or temperature gradient may lead to the 
localization of deformation at one or both sample ends [94, 223]. 
Due to the nonuniform material flow, the local effective deformation strain at 
the geometric centre of a specimen is indeed higher than the nominal strain calculated 
using Eq. 3.1. For example, the local effective strain of the specimen centre region at 
40, 65 and 80% height reduction can reach approximately 0.96, 1.83 and 2.56, 
respectively, according to the finite element analysis [94]. However, the measured true 
strain would be about 0.51, 1.05 and 1.61, respectively based on the reduction in 
height. Nevertheless, the nominal true strain is still widely used in the literature and 
preferentially referred in the current study. In this case, the effective strain of the 
specimen centre where the microstructure observation is generally carried out is 
comparable between the literature work and the current result at a same height 
reduction. 
Despite the nonuniformities of local strain distribution throughout the specimen, 
isothermal uniaxial compression is still broadly used as simulative test for bulk 
forming operations such as: forging, rolling, and extrusion [223]. This is mainly 
ascribed to its similarity of stress state and achievable deformation rates. The principle 
purpose of the common simulative practice is to select the temperature and strain rate 
for an actual deformation process at elevated temperatures, typically in the hot working 
regime. Still, the strain inhomogeneity should be carefully considered when a bulk 
metal forming process such as rolling is carried out. 
3.3.2 Symmetric and asymmetric rolling 
Hot rolling was performed using a small laboratory rolling mill having capability to 
change between roll pairs of different diameters, depending on the deformation mode 
(i.e. symmetric rolling (SR) and asymmetric rolling (ASR)). The diameters for the 
symmetric rolls (i.e. D2:D1=1) are 200 mm, and for asymmetric rolls are 229:171, 
250:150, and 267:133 mm (i.e. D2:D1= 4:3, 5:3, and 2:1) (Fig. 3-5a). Both rolls have 
the same rotational speed (Ȧ) of 32 rpm. 
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Figure 3-5: a) The symmetric and asymmetric roll pairs used in the small rolling mill. b) Schematic 
illustration of the rolling sample. c) Schematic representation of the warm rolling schedule. 
Rolling billets with a width of ~20 mm and a length of ×75mm along the rolling 
direction were sectioned from the plate with a martensitic microstructure. Afterwards, 
a 30° angle inclination towards the rolling direction was machined on both sides to 
impart higher level of thickness reduction in one rolling pass (Fig. 3-5b). The 
specimens were reheated to 850 °C and held for 180 s in an argon gas atmosphere to 
homogenize the temperature throughout the sample. Subsequently, they were 
deformed in either the SR or AsR mode. After rolling, the specimens were immediately 
water quenched to preserve the deformed microstructure at room temperature for 
further analysis (Fig. 3-5c). The deformation temperature was measured by a 
thermocouple inserted into a hole drilled in each specimen. 
3.3.3 Post-deformation annealing 
The annealing treatment of both symmetrically and asymmetrically rolled specimens 
was performed at a temperature of 700°C using a tube furnace with argon atmosphere 
control. The specimens for heat treatment were coated with a layer of glass frit (i.e. 
Deltaglaze) to prevent oxygen absorption. After holding at the annealing temperature 
for different times, the specimens were immediately water-quenched for further 
mechanical and microstructural analysis. 
  
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3.4 Microstructure and texture characterization 
3.4.1 Optical metallography 
Polarized or conventional optical microscopy (OM) was used to reveal the 
macrostructure and metal flow for the different thermomechanical processing state. 
The uniaxial compression specimens were sectioned along the compression/extrusion 
direction for metallographic observation, while the observation of the rolled samples 
was conducted on the normal direction-rolling direction (ND/RD) plane. The 
specimens were ground successively using 240, 600, 1200 and 4000 grit SiC papers 
and then polished by 0.04 ȝm colloidal silica along with an attack-polishing agent 
consisting of 10 ml 30% concentration hydrogen peroxide and 50 ml colloidal silica. 
The specimens for the conventional optical microscopy were then etched in Kroll’s 
reagent (2% HF, 6% HNO3 and 92% H2O). 
3.4.2 SEM-AsB imaging  
The SEM based angular selective backscattered (SEM-AsB) detection system is a 
relatively new technique, which enables the collection of low angle backscattered 
electrons coming from different scattering processes [224]. This technique provides 
greater spatial resolution over the traditional high angle collection detectors and 
enables the observation of detailed microstructural information such as subgrains and 
dislocations over a large area [225]. A Zeiss AsB electron detector integrated in the 
field emission scanning electron microscope (FE-SEM; Zeiss-SUPRA 55-VP) was 
used to reveal the material microstructure at high magnification. A relatively small 
working distance of ~ 3 mm and an accelerating voltage of 20 kV in the high current 
mode were used to acquire the AsB images. The specimens for SEM observation 
(including EBSD), XRD and hardness measurement were also carefully prepared 
using similar procedure to that of metallographic samples without etching. 
3.4.3 EBSD 
Electron backscatter diffraction (EBSD) is a SEM based technique to measure and map 
the local crystallographic orientation in crystalline material with sub-micron resolution 
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[226]. The application of this technique has boosted a rapid progress for understanding 
the relationship between the microstructure, crystallography and physical properties 
of crystalline, especially metallic, materials. 
This technique is also called backscatter Kikuchi diffraction (BKD) as it mainly 
utilizes the Kikuchi patterns for microstructural-crystallographic analysis. The 
formation mechanism for Kikuchi patterns is complex and not touched in detail here. 
Principally, when a tilted crystalline specimen interacts with an electron beam, a 
fraction of the electrons are scattered by the atoms close to the material surface (~20 
nm). Some of the electrons which satisfy the Bragg condition are diffracted to form a 
set of paired large angle cones (Kikuchi bands) corresponding to each diffracting 
lattice plane (Fig. 3-6a). The Bragg condition is given as: 
2 sinn dO T                                                                                             (3.13) 
where d is the spacing of the atomic planes, Ȝ is the wavelength of the electron and ș 
is the Bragg angle for diffraction, typically less than 2°. 
In an automated EBSD system, typical Kikuchi bands of the electron backscatter 
diffraction pattern (EBSP) are captured and then viewed with a fluorescent phosphor 
screen and a sensitive charge coupled device (CCD) camera, respectively (Fig. 3-6b). 
The image data of diffraction patterns are collected and analysed by a computer. By 
analysing the Kikuchi patterns, the orientation of different crystals can be calculated. 
Therefore, various crystallographic information of the polycrystalline material such as 
crystal orientation, misorientation, phase identification, grain size/boundary 
characterization and crystallographic texture can be obtained by EBSD analysis. 
In the current work, EBSD analysis was carried out on a Zeiss LEO 1530 or 
SUPRA 55-VP SEM operated at 20 kV in the high current mode using working 
distance ranging from 8 to 16 mm. The samples were tilted 70° with respect to the 
electron beam. A forward scatter detector mounted around the phosphor screen was 
used to select the area of interest for EBSD mapping. In order to acquire high 
resolution maps, a minimum step size of 50 nm was used, which is just above the 
instrument spatial resolution. Other parameters for EBSD mapping set-up are 
summarized in Table 3-2. The HKL Channel 5 software was used to perform data 
acquisition and post-processing. 
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Figure 3-6: a) Schematic representation for the formation of the electron backscattered diffraction 
pattern. b) Schematic representation of an EBSD geometry. 
Table 3-2: Parameters for EBSD setup. 
Parameter Value 
Accelerating voltage 20 keV 
Tilt angle 70° 
Pixel binning 4×4 
Max reflectors 80 
Number of bands 6-8 
Integration time 24 ms 
Frame Averaging 1-4 
3.4.4 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) was employed for detailed nanostructure 
characterization. In particular, a recently developed, TEM based ASTAR 
orientation/phase mapping technique was used in the current study. The ASTAR 
technique acquires crystal orientation/phase map data in nano scale through scanning 
Chapter 3. Experimental techniques 
- 66 - | P a g e  

(and simultaneous precession) of the focused electron beam and recording the obtained 
spot (small disc) diffraction patterns using an external CCD camera (Fig. 3-7). The 
pattern indexing (i.e. orientation determination) is performed off-line through cross-
correlation with the pre-calculated set of templates, based on the relevant crystal 
structure parameters, with an angular precision of about 1q [227, 228]. In principle, the 
technique is similar to the SEM based EBSD, where Kikuchi diffraction patterns are 
used for phase identification and crystallographic orientation mapping. TEM mapping 
of thin foils was performed using a JEOL JEM 2100F microscope equipped with a 
NanoMEGAS DigiSTAR beam scanning and precession device operated at 200 kV in 
the nano-beam mode. The precession of the primary electron beam at an angle of 0.7q 
was used to facilitate more precise orientation/phase determination [4]. The obtained 
data were exported to the EBSD HKL Technology/Oxford Instruments Channel 5 
software for further post-processing and visualization. 
 
Figure 3-7: Schematic representation of a TEM system equipped with the NanoMEGAS DigiSTAR 
device. 
The TEM thin foils with size of 6×8 μm2 were prepared by focused iron beam 
(FIB) milling using a FEI dual-beam Quanta 3D FIB machine (Fig. 3-8). For each 
TEM foil, an area with a typical size of ~ 3×4 μm2 was scanned using a step size of 
4 nm and spot size of 2 nm.  
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Figure 3-8: SEM image of a TEM foil milled by FIB. TD/RD represents the transverse and rolling 
directions, respectively. 
3.4.5 Phase identification and texture measurement with XRD 
Phase identification was performed using a PANalytical X-ray diffractometer using 
Cu KĮ radiation in point focus. A normal X-ray scan was made at 40 kV and 30 A 
with a step size of 0.02° and 2 s per step. 
Macroscopic crystallographic texture measurement of the rolling specimens was 
implemented using the XRD machine. All measurements were taken from the middle 
section in the RD/TD plane using the back reflection technique. The XRD scan 
measurement direction was defined by the rotation angle, ĭ, around the sample normal 
and the tilt angle, ȥ, with respect to the sample normal. Six pole figures were measured 
on each specimen from the ^ `10 10 , ^ `0002 , ^ `10 11 , ^ `10 12 , ^ `10 13 , and ^ `1120  
peaks in order to generate a complete orientation distribution function (ODF) using the 
Labo Tex3.0 software tool. Afterwards, individual pole figures were calculated from 
the ODF and plotted using monoclinic symmetry and the equal area projection. A non-
textured powder titanium sample was used for the calibration measurement to create 
data files for defocus and background corrections. The parameters for XRD texture 
measurement are summarized in Table 3-3. 
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Table 3-3: Parameters for texture measurement using XRD. 
Parameter Value 
Voltage 40 kV 
Anode current 50 mA 
ȥ 0-75° 
ĭ 0-360° 
Step size 5-10 s 
Exposure time 10 s/step 
Beam size 4×2 mm2 
Range of liner stage 
oscillation 5-10mm 
3.5 Mechanical properties 
Sub-size flat tensile specimens with a gauge length of 5 mm and width of 2 mm were 
sectioned from the rolled sheets with the tensile direction parallel to the rolling 
direction (RD) and transverse direction (TD), respectively (Fig. 3-9a). Successive 
grinding was employed to remove the surface layer (~0.3 mm on both sides) of the 
tensile specimen using 240, 600, 1200 and 4000 grit SiC papers. A pair of tensile 
holders was designed to fit the sub-size tensile specimens in the tensile gripers. Room 
temperature uniaxial tensile tests were carried out using an Instron 5967 universal 
testing machine with a 30 kN load cell and a non-contact video extensometer at a strain 
rate of 10í3 sí1 (Fig. 3-9b).  
Microhardness measurement was performed using a hardness testing machine 
with a Vickers type indenter. At least 5 indentations were performed for each specimen 
using a load of 300 g for 15 s dwell time after reaching the peak load on the specimen. 
The same grinding and polishing procedures as required for SEM were employed to 
prepare the samples for hardness measurement. 
 
Chapter 3. Experimental techniques 
- 69 - | P a g e  

 
Figure 3-9: a) The geometry of the sub-size tensile specimens. b) Tensile testing set-up in an Instron 
5967 universal testing machine. An enlarged photo inserted to the left-top corner of (b) illustrates the 
vertical alignment of a sub-size tensile specimen and the tensile holders in the tensile machine. 
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Chapter 4 
On the mechanism and thermomechanical 
parameter effects on UFG formation in the 
Ti-6Al-4V alloy with a martensitic starting 
microstructure  
4.1 Introduction 
As introduced in Chapter 2, grain refinement is the most generally accepted approach 
to improve both the strength and toughness of metals simultaneously. In addition, a 
fine equiaxed grained structure also enhances the formability of Ti alloys at much 
lower temperature, which is beneficial for subsequent material processing.  
Early work on Ti alloys processing mainly focused on morphology modification 
of the initial D+E phase microstructure in Ti-6Al-4V alloy to convert the lamellar 
morphology to an equiaxed grain structure through thermomechanical processing [29, 
37, 54, 92-98]. Most of these investigations involved deformation at a relatively high 
temperature (i.e. typically over 800°C), which ultimately leads to limited grain 
refinement down to 2 Pm over a strain range of 2-5 [93-95]. Recent work [96, 97]  
suggested that a fine martensitic structure could be a good candidate as an initial 
microstructure to potentially further enhance the grain refinement. However, the 
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martensitic structure has very low formability, which makes it difficult to employ 
thermomechanical processing.  
Recently, some attempts were made by different research groups [29, 37, 92, 103, 
153, 155]  to produce fine Į grains using a martensitic starting microstructure. Despite 
a limited success, it has been still a challenge to produce uniform, ultrafine grains 
through thermomechanical processing of martensitic Ti-6Al-4V alloy. Up to now, the 
investigations on thermomechanical processing of a fine martensite microstructure are 
limited and the mechanism of grain refinement is still not fully understood.  
The aim of this chapter is to further elucidate the mechanisms involved in the grain 
refinement of martensite in a Ti-6Al-4V under different thermomechanical conditions. 
A relatively low deformation temperature range (i.e. 600-800°C) was employed to 
fabricate finer grains at a low to medium strain level. The detailed microstructure 
evolution during deformation was characterized using SEM in conjunction with high 
resolution EBSD. X-ray diffraction analysis (XRD) was also conducted to monitor any 
phase changes taking place during deformation. 
4.2 Experimental procedure 
An as-received rod of Ti-6Al-4V material with a starting Į+ȕ equiaxed microstructure 
(Fig. 4-1) was used in this chapter to fabricate a fully martensitic microstructure 
through solution treatment at 1100°C in an argon atmosphere for 30 minutes followed 
by water quenching. This resulted in a fully martensite microstructure of acicular Įƍ 
with different orientations. 
Cylindrical specimens were produced from the martensitic rods with a diameter 
of 10 mm and a height of 15 mm. These specimens were then subjected to isothermal 
hot compression testing using a servohydraulic thermomechanical treatment simulator 
(Servotest, 500 kN). The compression axis was parallel to the rod extrusion direction. 
A frequency of 500 Hz (i.e. 500 temperature readings per second) was employed to 
monitor the temperature changes during deformation, which provides enough data 
even at the highest strain rate used here (i.e. strain rate of 1 s-1).  
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Figure 4-1: EBSD band contrast image of the as-received material. Black, red and green lines represent 
grain boundaries with misorientation angle (T) greater than 15°, 5°<T<15°, and the intervariant 
interfaces having Ȉ13b=57.4°/<11തʹ0> twin relationship, respectively. The ȕ phase is shown in blue. 
The black arrow represents the extrusion/compression direction.  
The specimens were initially reheated to a deformation temperature ranging 
from 600 to 800°C with an interval of 100°C at a heating rate of 5qC/s, and held for 
180 s to homogenize the temperature throughout the specimen. After this, they were 
uniaxially compressed to a true strain (ѓ) of 0.8 at a constant true strain rate (ߝሶ) ranging 
from 0.001 to 1 s-1 followed by water quenching within 1 s to preserve the hot-
deformed structure. Some specimens were deformed at 700°C to different strains (i.e. 
ѓ = 0.2, 0.4, 0.6 and 0.8) at a strain rate of 0.001 s-1 to study the microstructure 
evolution during deformation. 
Hardness measurements and microstructure characterisation using a 
combination of SEM with EBSD and XRD were carried out in the centre of the 
specimen where the material experienced the maximum deformation for a given 
thermomechanical condition. An indentation matrix of 3×3 or 4×5 in the middle of the 
sample was measured to evaluate the Vickers microhardness. A field emission 
scanning electron microscope (FEG-SEM; Zeiss-SUPRA 55-VP) integrated with a 
Zeiss angle selective backscattered (AsB) electron detector was used to reveal the 
microstructure by backscattered imaging at high magnification. At least 5 images were 
used for calculation of the grain size and the volume fraction of equiaxed grains, 
respectively. The linear intercept method was used to calculate the size of the equiaxed 
grains [229]. EBSD analysis was carried out on a LEO 1530 FEG SEM operated at 20 
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kV using a step size of 50 nm. The HKL Channel 5 software was used to perform data 
acquisition and post-processing. Phase identification was performed with a 
PANalytical X-ray diffractometer using Cu KĮ radiation in point focus. 
The specimens for SEM, EBSD, XRD and hardness measurement were 
sectioned along the compression/extrusion axis and then prepared following 
procedures described in Chapter 3. The specimens for optical microscopy were etched 
using Kroll’s reagent.  
4.3 Results 
4.3.1 Examination of the initial martensite microstructure 
Prior to the deformation, the microstructure consisted of a fully martensitic structure 
(Įƍ) with an average lath thickness of approximately 0.4 μm (Figs. 4-2 and 4-3). Two 
types of martensitic laths were frequently observed in the microstructure: primary and 
secondary. The former was characterized as coarse parallel-sided laths that extended 
across the parent E grain, most likely formed at an early stage of phase transformation. 
They mainly nucleated at the prior beta grain boundaries or alpha-beta interphase 
boundaries and continued to grow into the beta interior until meeting other Į' plates 
[1]. The secondary laths were finer and mainly appeared between the primary laths 
suggesting that they formed at a later stage of the phase transformation [154]. They 
had an average thickness of less than 200 nm. The point to point local misorientation 
angle profile (i.e. line AėB in Fig. 4-2a) showed sharp changes with a misorientation 
angle of about 63.3° across the Į' lath interfaces/boundaries (Fig. 4-2b). These most 
frequently observed Į' laths had an invariant misorientation/axis about 
as shown by circle IV in Fig 4-2c.  This is a result of the Burgers 
orientation relationship followed by the martensitic phase transformation in titanium 
alloys: i.e. (110)E ۅ (0002)D and[111]E ۅ[1120]D . When the martensite transformation 
takes place during rapid water quenching, the hexagonal variants with 12 possible 
crystallographic orientations may form from a body centred cubic (b.c.c.) beta parent 
grain. A combination of any two of the 12 variants gives rise to 5 different types 
(numbered with I-V in the present work) of high angle intervariant crystallographic 
63.26 / 10 55 3¢ ²$
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interfaces/boundaries: 10.53 / 0001¢ ²$ , 60 / 1120¢ ²$ , 60.83 / 10 7 17 3¢ ²$ , 
63.26 / 10 5 5 3¢ ²$  and 90 / 7 17 10 0¢ ²$ , forming during the martensitic phase 
transformation [177]. Theoretically, the possibility for the occurrence of different 
types of high angle boundaries are 1:2:4:2:2, assuming that all variants are formed with 
equal statistical probability during the martensitic phase transformation [177]. 
However, the relative frequencies of multiple misorientation peaks (Fig 4-2c.) 
qualitatively represented different order of population, most likely due to the 
occurrence of variant selection during the martensitic phase transformation [56]. 
 
Figure 4-2: a) EBSD band contrast image of the martensitic microstructure produced by solution 
treatment at 1100°C followed by water quenching. b) Point to point misorientation profile along the 
dashed line AĺB in (a). c) Misorientation angle distribution of the initial martensite structure. The 
inserted figure in (c) refers to the locations of different types (I-V) of intervariant misorientation axis 
on the standard stereographic triangle. Black, red and green lines represent grain boundaries with 
misorientation angle (T) greater than 15°, 5°<T<15°, and the intervariant interfaces having 
Ȉ13b=57.4°/<11 തʹ 0> twin relationship, respectively. The black arrow in (a) represents the 
extrusion/compression direction. 
Notably, very fine twins characterized by a 57.4q misorientation angle about the 
1210¢ ²  axis (i.e. {1011} 1012¢ ² Įƍ mechanical twins) were observed in some of the 
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primary martensitic laths (shown by the arrows in Fig. 4-3). The formation of 
mechanical twins is associated with the activation of [2113] (2112)D D  / 
[2113] (1011)D D (i.e.[111] (112)E E  / [111] (101)E E  in bcc notation) shear systems as a 
result of stress induced through the martensitic phase transformation [1]. The size of 
twins was in the range of 20-50 nm [154], which is smaller than the spatial resolution 
of EBSD (i.e. step size of 50 nm) and so could not be readily indexed. This is because, 
the activation volume generated through the interaction of incidental electrons with 
the specimen at 20 kV would be much greater than the twin size. They were partly 
revealed through the band contrast quality image (Fig. 4-3a). The fine microstructure 
between primary and secondary laths as well as the mechanical twins can be visualized 
through SEM-AsB imaging (Fig. 4-3c). 
 
Figure 4-3: a) EBSD band contrast image and c) SEM-AsB image of the martensitic microstructure 
produced by solution treatment at 1100°C followed by water quenching. b) The standard stereographic 
triangle for the intervariant interfaces having Ȉ13b twin characteristics. Black and green lines represent 
grain boundaries with misorientation angle (T) greater than 15° and the intervariant interfaces having 
Ȉ13b=57.4°/<11 തʹ 0> twin relationship, respectively. The black arrows represent the 
extrusion/compression direction. The white arrows in (a) and (c) refer to the mechanical twins inside a 
primary Į' lath.  
Similar to the mechanical twins formed inside the Į' laths, a number of 
intervariant interfaces also had twin characteristics with the {10 11}  interface plane 
[230] (Figs. 4-2 and 4-3). The development of characteristic intervariant interfaces like 
613b= 57.4 / 1120¢ ²$  coincidence site lattice (CSL) boundaries were monitored 
throughout the deformation, as discussed below. There was no presence of E phase in 
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the microstructure, suggesting that the coarse prior E grains with an average size of 
~500 Pm were fully transformed to martensite through the solution treatment followed 
by water quenching. 
4.3.2 Stress-strain behaviour 
In general, the flow curves at different thermomechanical conditions initially displayed 
a region of work hardening followed by continuous flow softening beyond the peak 
stress (Fig. 4-4). A similar flow softening behaviour has also been observed by others 
in titanium alloys having lamellar Į+ȕ [88, 94] or martensitic [29, 94, 231] 
microstructures. This kind of behaviour can be attributed to the adiabatic/deformation 
heating, phase transformation/microstructural changes and/or flow instability/micro-
cracking during the hot compression [84, 86, 94]. The extent of flow softening was 
greater at higher strain rates and lower deformation temperatures (Fig. 4-4). This could 
partly be explained through adiabatic heating during deformation, which was 
measured to be as high as 190 °C for the deformation temperature of 600 °C and strain 
rate of 1 s-1 (Fig. 4-4d). Consequently, non-uniform plastic deformation (i.e. shear 
band formation, Fig. 4-5) was observed in samples deformed at low temperature (i.e. 
<800 °C) and a strain rate of 1 s-1. The temperature rise due to adiabatic heating may 
locally be greater than the values recorded by the thermocouple (e.g. in the shear band 
regions).  
Considerable flow softening was also observed at low strain rates where 
adiabatic heating is negligible. This suggests an additional contribution of other factors 
such as texture and microstructural changes during warm deformation of the 
martensitic lath structure in the current work. These may include the alteration of grain 
orientation, the breaking down of a lamellar/lath structure (e.g. platelet 
bending/kinking), the formation of equiaxed grains and/or the appearance of beta 
phase. For example, the microstructural changes from a lamellar/lath structure to an 
equiaxed Į+ȕ microstructure may alter the deformation mechanism dislocation 
dislocation glide/climb [94] to grain boundary sliding [29], subsequently requiring less 
deformation stress. In addition, grain coarsening at elevated temperature may 
contribute to further softening.  
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Figure 4-4: True stress-strain curves of the Ti-6Al-4V alloy with a martensitic microstructure under 
uniaxial compression to a strain of 0.8 at different temperatures: a) 600°C, b) 700°C and c) 800°C. d) 
The measured temperature rise (¨T) at a strain of 0.8 for different thermomechanical conditions. 
 
Figure 4-5: Optical macroscopic images of the deformed specimens under uniaxial compression to a 
strain of 0.8 at 700°C for different strain rates: a) 1 s-1 and b) 0.001 s-1. 
Some peak broadening was observed in the stress strain curves as the 
deformation temperature decreased. Another characteristic is that the flow stress 
declined monotonically with increasing deformation temperature at a given strain rate. 
By contrast, the flow stress increased with an increase in the strain rate over the 
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deformation temperature range of 700°C to 800°C (Fig. 4-4). The flow curve at 600°C 
and strain rate of 1 s-1 exhibited a sharp slope change at a strain of ~0.5, where it 
crossed over the curve obtained at strain rate of 0.1 s-1 (Fig. 4-4a). The most likely 
reason for this behaviour would be the flow instability due to flow localization.  
4.3.3 Microstructure evolution during deformation 
After reheating the martensitic specimens at the deformation temperature and held for 
180 s, no obvious microstructural changes like lath coarsening, as reported in [96], 
were observed in the Į' lath structure. However, the current thermomechanical 
processing resulted in remarkable microstructural changes in the martensitic Ti-6Al-
4V alloy (i.e. grain refinement, ȕ phase formation and change in the misorientation 
angle/axis distribution), as shown in Figs. 4-6 to 4-8. 
 
Figure 4-6: EBSD images of the martensitic Ti-6Al-4V alloy deformed at 700°C and 0.001 s-1 to 
different strains: a) 0.2, b) 0.4, c) 0.6 and d) 0.8. Black, red, white and green lines represent Į-Į grain 
boundaries with a misorientation angle (T) greater than 15°, 5°<T<15°, 2°<T<5° and the intervariant 
interfaces having Ȉ13b=57.4q/<11തʹ0> twin characteristics, respectively. The ȕ phase is shown in blue. 
The black arrows represent the compression direction. 
As aforementioned, the initial martensitic structure mostly revealed high angle 
grain boundaries (HAGBs), with a misorientation angle distribution quantitatively 
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different from a randomly textured hexagonal close packed (hcp) material (i.e. the 
Mackenzie distribution [232]). Multiple peaks were observed across the misorientation 
angle distribution, mainly centering about the 10q, 60q, 63q, and 90q misorientation 
angles (Fig. 4-2c), which are similar to the boundary population in a martensitic 
structure formed from pure titanium through the crystallographic variant selection 
mechanism during the martensitic phase transformation [177]. It appeared that most 
intervariant interfaces had twin characteristics (i.e. 613b= ) with the 
{1011}  interface plane [230] similar to the mechanical twins formed in the primary 
laths (Fig. 4-3).  
 
Figure 4-7: a) Misorientation distribution of the Ti-6Al-4V alloy deformed under different 
thermomechanical conditions. b-d) The characteristics of misorientation axis distribution corresponding 
to the misorientation angle distribution at different strains: b) 0.2, c) 0.4 and d) 0.8. The relative 
misorientation frequency was plotted using a bar width of 0.5°. The initial locations of different types 
(I-V) of intervariant misorientation axis in the non-deformed martensitic microstructure are marked by 
circles on the standard stereographic triangle in each figure. 
The deformation revealed a significant effect on the misorientation 
characteristics, progressively altering the initial lamellar structure to ultrafine equiaxed 
grains with HAGBs (Figs. 4-6 and 4-7). At an early stage of deformation, there was a 
significant increase in the population of low angle grain boundaries (LAGBs), mainly 
60 / 1120¢ ²$
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in the middle of martensitic laths (Figs. 4-6a and 4-7a, b). Beyond a strain of 0.4, the 
peak intensity of LAGBs gradually decreased and became wider (Fig. 4.7c). The 
multiple peaks at about the 60q and 90q misorientation angles gradually merged with 
an increase in the strain forming a single peak. At the same time, the peaks broadened 
and their intensities were gradually being reduced (Fig. 4-7c). As a result, the 
misorientation angle distribution at a strain of 0.8 became nearly uniform for 
misorientation angles greater than 15q and hardly any peak was distinguishable (Fig. 
4-7d). This suggests that most of the LABs were progressively converted to high angle 
boundaries with increasing strain.  
 
Figure 4-8: Standard stereographic triangles of the rotation axes in crystal coordinate system for 
613b=60q/<11തʹ0> intervariant boundaries at 700°C and 0.001 s-1 at different strains: a) 0, b) 0.2, c) 0.4 
and d) 0.8. The MRD is multiples of a random distribution. 
Simultaneously, the misorientation axis of most martensitic intervariant 
interfaces/boundaries also lost their unique characteristics with strain (Fig. 4-7). As 
stated earlier, the undeformed martensitic microstructure was characterized by the 
Burgers orientation relationship (OR). As a result, the misorientation axis exhibited 
different clusters located at various positions on the stereographic triangle (Fig. 4-2c). 
With increasing strain, these clusters became scattered continuously (Figs. 4-7b, c, d), 
indicating a deviation from the ideal Burgers OR. The spread of misorientation axis 
can be attributed to the activation of different slip systems in neighbouring Į' laths 
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through the interaction of dislocations with intervariant interfaces. In addition, the 
population of 613b corresponding to 60°/  gradually decreased (Fig. 4-6) as the 
misorientation axis deviated progressively from the  axis with increasing strain 
(Fig. 4-8). 
Corresponding to the dramatic changes in the misorientation profile, a 
progressive break-up of Į' laths into ultrafine equiaxed grains can be observed. In other 
words, the volume fraction of ultrafine equiaxed grains gradually increased with 
deformation at the expense of the lamella structure, leading to a nearly fully equiaxed 
grain structure at high strains (Figs. 4-6 and 4-9a). At a strain of 0.2, the newly formed 
refined grains had an average grain size of ~300 nm and their formation was found to 
be related to the alignment of Į' laths with respect to the compression axis (Fig. 4-6a). 
It appears that the laths along the loading axis are preferable for fragmentation to take 
place. These types of laths kept experiencing shear strain when they were tilted 
towards the specimen radius direction. At a later stage of deformation (i.e. a strain of 
0.4), a significant increase in the volume fraction of fine equiaxed grains was observed. 
Only a small proportion of alpha laths were retained in the deformed microstructure, 
with their length direction perpendicular to the loading axis. Closer microstructural 
examination around the strained laths (Fig. 4-6b) revealed quite a number of low angle 
grain boundaries forming from the intervariant interfaces into the retained alpha laths. 
This indicates a progressive fragmentation of alpha laths by interaction between 
dislocations and boundaries. At a deformation strain of 0.6, the initial lath structure 
was nearly fully broken up into globular segments ranging from 300 to 800 nm (Fig. 
4-6c). Inside the few strained and highly kinked laths, numerous low angle grain 
boundaries were observed, as a result of rearrangement of dislocations. Finally, at a 
strain of 0.8, the initial lath microstructure was nearly fully replaced by fine equiaxed 
grains characterized by being dislocation free and mostly high angle boundaries (Fig. 
4-6d). 
1120¢ ²
1120¢ ²
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Figure 4-9: a) The volume fraction and average size of equiaxed grains as a function of strain at 700°C 
and 0.001 s-1. The grains with an aspect ratio of less than 2.5 were considered as equiaxed using the 
grain detection function in HKL Channel 5 software. b) XRD patterns of Ti-6Al-4V alloy for starting 
martensitic structure (Martensite) and deformed structure (Deformed) at 700°C, strain of 0.8 and strain 
rate of 0.001 s-1. 
Along with warm compression to a strain of 0.8, the lath structure progressively 
became fragmented into very fine equiaxed grains with a size of ~150-800 nm 
depending on the thermomechanical condition (Fig. 4-6). It is noteworthy that E phase 
also appeared in the microstructure during the deformation. The presence of E phase 
was confirmed by both EBSD and XRD analysis [233] (Figs. 4-6 and 4-9b). This 
suggests that the microstructure may partially transform to E through adiabatic heating 
and/or phase transformation induced by deformation, which will be discussed in detail 
later.  
4.3.4 The effect of thermomechanical parameters on UFG 
formation 
The different thermomechanical parameters led to a significant change in the deformed 
microstructure characteristics (i.e. equiaxed grain size, volume fraction and 
distribution, Figs. 4-6, 4-10 and 4-11). At a deformation temperature of 600 °C, the 
sample was highly sheared and ultrafine equiaxed grains were observed in the strain 
localized region while the remaining regions consisted of the Į' lamellar structure 
(shown by arrows in Fig. 4-10a). The diameter of newly formed ultrafine grains was 
~150 nm (i.e. much smaller than the width of most surrounding lamellas). Moreover, 
there were lamella regions without the presence of any well-developed ultrafine grains 
with only subgrain boundaries present. This suggests that the strain was not 
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homogeneously distributed. In other words, the shear strain mainly concentrated in 
regions/laths having a more favourable orientation in respect to the applied strain, 
resulting in the formation of ultrafine grains in those regions and macroscopic shear. 
With an increase in the deformation temperature, the population of fine equiaxed 
grains increased at the expense of the lamella structure, and the microstructure became 
mostly equiaxed grains at deformation temperatures of 700-800°C and strain rates of 
0.01 s-1 and below (Figs. 4-10b, c), where the fully equiaxed grain region 
approximately covered 5×5×2 mm3 area at the centre of the deformed sample (e.g. Fig. 
4-5b). 
 
Figure 4-10: AsB images of the Ti-6Al-4V alloy with starting martensitic microstructure deformed to a 
strain of 0.8 at a strain rate of 0.01 s-1 at different temperatures followed by water quenching: a) 600°C, 
b) 700°C and c) 800°C. The black arrows represent the compression direction. The white arrows in (a) 
and (c) refer to a strain localized region and then secondary martensite, respectively. 
Apart from the deformation temperature, the microstructure significantly altered 
with strain rate for a given thermomechanical condition (Fig. 4-11). At a strain rate of 
1 s-1 at 700°C, the microstructure consisted of both fine equiaxed grains with an 
average size of 192±4 nm and the pre-existing lamella structure (Fig. 4-11d). The 
volume fraction of equiaxed grains in the centre increased with a decrease in strain 
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rate, with a nearly fully equiaxed microstructure obtained at a strain rates of 0.01 s-1 
and below (Fig. 4-10). This is likely to be a result of a more uniform distribution of 
strain throughout the sample with a decrease in the strain rate (Fig. 4-5b). At the same 
time, the microstructure became coarser as the strain rate decreased. Interestingly, very 
fine equiaxed E grains were observed at 700°C, suggesting that the microstructure 
partially transformed to E due to adiabatic heating and/or strain (dynamic strain-
induced phase transformation). However, unlike the original E structure, the fine E 
grains did not transform to martensite on quenching and were stable at room 
temperature (Fig. 4-6).   
 
Figure 4-11: AsB images of the Ti-6Al-4V alloy with starting martensitic microstructure deformed to a 
strain of 0.8 at 700°C and different strain rates: a) 0.001 s-1, b) 0.01 s-1, c) 0.1 s-1 and d) 1 s-1. A higher 
magnification image of the refined equiaxed grains is also shown at the top right corner of each image. 
The black arrow in (a) represents the compression direction. 
At 800°C and a strain rate of 0.01 s-1, freshly formed martensitic regions were 
observed in the microstructure (shown by the arrows in Fig. 4-10c) and they have a 
much finer lath size than the initial martensitic structure. This suggests that the 
adiabatic heating may locally increase the temperature to such extent that a reverse 
transformation of D'ĺE took place during deformation. The fresh E phase was 
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transformed to very fine martensite on post-deformation quenching, hereafter called 
secondary martensite. 
4.4 Discussion 
The present study revealed that an ultrafine equiaxed grain structure can be 
successfully produced in a Ti-6Al-4V alloy through warm deformation of a fine 
martensitic initial microstructure (Figs. 4-6, 4-10 and 4-11). The optimum deformation 
condition to obtain fully equiaxed microstructure was at a temperature range of 700-
800°C and relatively low strain rates of ~0.001-0.01 s-1. The current approach is 
quantitatively different from the previous studies where the lamellar (i.e. Į+ȕ phases) 
[92-95, 97] or martensitic [29, 96, 97, 103] structures were deformed above 800°C to 
produce fine equiaxed grains. In this previous work, the extent of grain refinement 
through thermomechanical processing of the initial martensitic structure was, though, 
higher than that of the initial lamellar structure. However, the final grain size was still 
limited in a range of 1.8-5 ȝm, depending on thermomechanical conditions [29]. In 
addition, the nominal strain required to obtain a fully equiaxed microstructure was over 
1.4 (i.e.  75% height reduction) using similar uniaxial hot compression test [29, 94, 
96], which is higher than the current study (i.e. a measured strain of ~0.8 or  50% in 
height reduction.  
The initial martensitic structure was also used by others to produce fine grains. 
However, there was limited success as the submicron grain size was only locally 
formed at a deformation temperature below 650°C [24]. They then employed warm 
severe multiple deformation (i.e. equivalent strain of 3 at 550°C) to obtain a fully 
equiaxed ultrafine grained structure (i.e. ~300 nm) [24]. The main difference in the 
grain refinement in the current study compared with the previous work could be due 
to the employment of a relatively low deformation temperature range (600-800°C) and 
low strain rates along with the fine initial martensitic microstructure. Mironov et al. 
[102] have also shown that the initial lamellar structure can be further refined if the 
deformation temperature is reduced to 600°C. However, the lamellar structure was not 
fully converted to equiaxed microstructure and fine equiaxed grains were only locally 
observed.  
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More recently, the formation of submicron equiaxed grains in Ti-6Al-4V alloy 
was reported using hot deformation of an initial martensitic structure through a similar 
thermomechanical processing to the current work [155]. However, the level of grain 
refinement was different from the present study for a given TMP condition. The 
optimum grain refinement was reported at 700°C and strain rate of 10 s-1 and included 
a complex mechanism in which continuous dynamic recrystallization near the 
intervariant lath interfaces was followed by conventional dynamic recrystallization (i.e. 
nucleation and growth) in the lath interiors [155]. The current result, however, reveals 
that a high strain rate leads to significant adiabatic heating (e.g. ~75°C at 800°C and 
1 s-1, Fig. 4-4d), which may enhance the reverse D' to E phase transformation (Fig. 4-
10c), non-uniform deformation (shear band formation and cracking, Fig. 4-5a) and 
flow softening (Figs. 4-4a, b, c) [88]. The current result also suggests that there is an 
optimum TMP condition (i.e. 700-800°C and strain rates of 0.001-0.01 s-1) to 
minimize the adiabatic heating and non-uniform deformation leading to homogenous 
grain refinement throughout the microstructure. In addition, the previous work by 
Matsumoto et al. [155] did not report the presence of ȕ phase on post-deformation 
cooling though they employed a similar thermomechanical processing. The stability 
of beta phase on post-deformation cooling is strongly related to the extent of local 
compositional change (i.e. enrichment in ȕ-stabilizer elements, e.g. vanadium) during 
deformation. Therefore, the initial alloy composition may play a significant role on the 
local composition of beta phase and its volume fraction for a given thermomechanical 
condition. Therefore, the lack of ȕ phase presence in the previous work can arise from 
the differences in the initial alloy composition, though both alloys can be regarded as 
a typical Ti-6Al-4V alloy.  Hence, it is proposed that the grain refinement mechanism 
in the current study may differ from the previous report. 
The grain refinement in titanium alloys is attributed to different mechanisms 
including globularization, discontinuous dynamic recrystallization (i.e. DDRX or 
DRX) and continuous dynamic recrystallization (i.e. CDRX). Globularization has 
been mainly reported for a two-phase D+E initial microstructure, where the formation 
of intense shear bands within the alpha lamella in contact with beta phase leads to the 
penetration of E phase into the kinked points of the newly formed high energy D/D 
interface [92, 97, 102]. The extent of globularization strongly depends on the 
thermomechanical parameters (i.e. strain rate and temperature) as the beta penetration 
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rate is a diffusion controlled process [93]. In the current study, there is no E phase 
present in the as-quenched microstructure, suggesting that the globularization 
mechanism is unlikely to contribute to the current grain refinement. 
The conventional dynamic recrystallization and continuous dynamic 
recrystallization mechanisms have been widely observed in different titanium alloys, 
although the extent of these mechanisms strongly depends on the thermomechanical 
processing condition and initial microstructure. The former is mainly defined by the 
deformation temperature and strain rate. Generally, these two thermomechanical 
factors are incorporated into the Zener-Hollomon (Z) parameter [46, 234]: 
                                        (4.1) 
where  is the strain rate, Q is the apparent activation energy, R is the gas constant 
and T is the absolute temperature. The stress-strain data acquired from different 
working conditions can be analysed to determine the activation energy for the 
deformation of Ti-6Al-4V using peak stress ( ) to minimise the effect of shear 
deformation observed in some thermomechanical conditions.  
The dependence of flow stress ( ) on deformation temperature (T) and strain 
rate ( ) can be expressed using the following constitutive equation proposed by 
Sellars and Tegart [235]: 
                             (4.2) 
with 
                               (4.3) 
where Į is a material constant, n is the stress exponent and  A0 is a constant. In the 
present study, Eqs. 4.2 and 4.3 were employed to characterize the flow behaviour of 
the Ti-6Al-4V alloy with a martensitic structure in the temperature range from 600 to 
800°C at strain rates from 10-3 to 1 s-1. The constants Į and n were estimated to be 
1/150 and 3.2, respectively, using an approach described in [236]. Finally, the average 
apparent activation energy (i.e. Q) was determined to be ~341 kJ/mol for the current 
thermomechanical conditions. 
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The Q has been computed at different thermomechanical conditions by a number 
of research groups [29, 84, 86, 88-90, 221, 231, 237-241] as summarized in Table 4-
1. Most of the calculations were based on the power-law relationship 
( , Model A), which is generally used for low stresses 
( ), while others employed the hyperbolic sine equation 
( , Model B), which is valid for all stresses [242]. The 
calculation indicates that ranged from 0.26 to 4.5 in the current study, which 
supports the fitting of the experimental data by Model B.  
 
Figure 4-12: The relationship between peak flow stress (ıP) and Z in Ti-6Al-4V for different 
thermomechanical conditions. exp( / )Z Q RTH  was calculated using Q=341 kJ/mol.  
The current result was compared the data obtained during hot compression of 
Ti-6Al-4V alloy in the literature. For the ease of comparison, the peak flow stress for 
each set of data was plotted as a function of Zener-Hollomon parameter (Fig. 4-12), 
using the same value of Q determined in the present work (i.e. Q=341kJ/mol). By 
plotting the peak stress versus log (Z), a linear relationship was found for the current 
study, which can be expressed as: 
(in MPa) 102.4 log( ) 1286.3P ZV                                                       (4.4) 
As shown in Fig. 4-12, the ıP-log(Z) slope of the current work is fairly close to most 
literature data [241, 243], except a coarse grained Į+ȕ Ti-6Al-4V alloy (marked as 
Region I) with an initial grain size in the magnitude of millimeters [86]. Principally, 
1 exp( )
nA Q RTH V 
0.8DV 
0 sinh( ) exp( )
nA Q RTH DV 
pDV
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the remaining data can be divided into two distinct regions (Region II and III) based 
upon the ıP-Z relationship assuming they have the same Q value as the current work. 
The current results fall into a low Z region, together with some of the literature data 
(Region II), while the rest data occupies a high Z region suggesting different energy 
of activation or deformation mechanisms compared with the current work. 
Indeed, the activation energy for different titanium alloys ranges from ~162 to 
620 kJ/mol (Table 4-1). This wide range can be attributed to the difference in the initial 
microstructure [86] and thermomechanical condition (e.g. temperature range, strain 
rate and deformation mode) resulting in different deformation mechanisms. The low 
and high end Q values correspond to self-diffusion in Į-Ti and conventional dynamic 
recrystallization, respectively [241, 243]. The continuous dynamic recrystallization 
(CDRX), though, refers to the activation energy in a range of ~260-450 kJ/mol. In 
other words, it appeared that CDRX is the most dominant deformation mechanism (i.e. 
migration of dislocations through cross slip and climb processes) in the current 
thermomechanical processing condition. This deformation mechanism leads to the 
formation of low angle substructures (Fig. 4-6a), rather than nucleation of new grains 
(i.e. no conventional dynamic recrystallization). This is consistent with the current 
observations where the substructure is initially formed within martensitic laths having 
low angle misorientation across sub-boundaries at an early stage of deformation (Fig. 
4-6a). With an increase in the strain, the sub-boundaries are progressively developed, 
locally converting to high angle boundaries (Figs. 4-6a, b, c). As a result, the lath 
microstructure appears to be fragmented into small segments of high angle boundaries, 
leading to the very fine equiaxed grain structure, mostly surrounded by high angle 
grain boundaries (Fig. 4-6d). This grain refinement mechanism is widely referred to 
CDRX and widely observed in ferritic steels having high stacking fault energy [5, 46]. 
This is accordant with the results summarized in Fig 4-12 where the current results 
follow those thermomechanical conditions in the literature, in which the deformation 
mechanism is dominated by CDRX. 
These microstructural changes are clearly reflected in the misorientation 
angle/axis distribution, where the characteristics of intervariant interfaces/boundaries 
(misorientation angle/axis) significantly alter during deformation (Figs. 4-7 and 4-8). 
For example, the misorientation peak at 60° corresponding to 613b progressively 
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reduces (Fig. 4-7) and its misorientation axis deviates continuously from the  
axis with increasing strain (Fig. 4-8). This suggests that the majority of intervariant 
interfaces/boundaries have lost their unique characteristics (i.e. misorientation 
angle/axis) as a result of the interaction between dislocations and the boundaries during 
deformation.  
Another interesting result in the current study is the formation of beta phase as a 
result of deformation (Figs. 4-6 and 4-9b). During heat treatment of the alloy at 1100°C, 
the microstructure becomes fully E phase, eventually having a uniform distribution of 
alloying elements (i.e. Al, V) throughout the structure. Rapid quenching significantly 
restricts the redistribution of alloying elements leading to the formation of a 
supersaturated fully D' martensitic structure. Therefore, the resultant microstructure is 
not stable and tends to decompose to equilibrium alpha and beta phases through 
reheating in the temperature range of 400-800°C [244]. Similar to precipitation, the 
substitutional alloying elements (i.e. Al and V) redistribute throughout the 
microstructure with time, resulting in two regions with different alloying contents: 
enriched and depleted vanadium (or aluminium) regions. In fact, the aluminium and 
vanadium are redistributed oppositely. In other words, the depleted vanadium region 
became enriched in aluminium and vice versa. The E phase will gradually precipitate 
in the enriched vanadium region through the martensite decomposition. 
Simultaneously, the composition and crystal structure of the depleted vanadium (i.e. 
enriched aluminium) region progressively becomes close to D phase. In the current 
study, no attempts were made to distinguish D from D' in the microstructure. The 
kinetics and extent of decomposition significantly alter with temperature [244]. The 
volume fraction of E phase increases as the deformation temperature increases (Figs. 
4-6 and 4-10), though it generally leads to lower vanadium content in beta phase, 
which changes its stability [245].  
It is worth mentioning that the kinetics of the redistribution of substitutional 
elements (i.e. vanadium and aluminium) is relatively slow. In the current study, the 
martensite decomposition (i.e. Į+ȕ phase formation) would be negligible during 
reheating the specimen to the deformation temperature (i.e. 600-800°C) followed by 
the 3 min holding prior to the straining. Interestingly, the beta phase is present in the 
deformed microstructure, mainly on triple junction and intervariant 
1120¢ ²
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interfaces/boundaries (shown in blue in Figs. 4-6b, c, d). The volume fraction and size 
of ȕ phase increased with increasing strain and deformation temperature. This is not 
surprising as the deformation significantly accelerates the kinetics of martensite 
decomposition (i.e. ȕ precipitation) compared with the strain free condition [25].  
The extent of beta phase formation also strongly depends on the strain rate. 
During plastic deformation of titanium alloys, the majority of plastic work is absorbed 
by the material and locally converted into heat (i.e. adiabatic heating) [221]. The extent 
of deformation heating varies depending upon the thermomechanical conditions (i.e. 
strain rate, Fig. 4-4d), which closely corresponds to the flow softening (Figs. 4-4a, b, 
c). The highest temperature rise in the current study was approximately 190°C at the 
deformation temperature of 600°C and a strain rate of 1 s-1, resulting in the localization 
of strain and inhomogeneity in the microstructure (Figs. 4-5a and 4-10a). The adiabatic 
heating may rise to such an extent that partial reverse transformation of martensite to 
E takes place, which significantly enhances the volume fraction of E phase. Indeed, the 
beta phase is formed through two distinct mechanisms in some instances: 
decomposition of E from supersaturated martensite and reverse transformation at a 
high strain rate and deformation temperature (Fig. 4-10c). 
It appears that the stability of the beta phase during the post-deformation 
quenching significantly varies for different thermomechanical conditions. It is not 
surprising as the stability of E phase strongly depends on the composition (i.e. 
vanadium content) [95]. Generally speaking, it would be expected that the vanadium 
content in E phase reduces as its volume fraction increases. As a result, the 
thermomechanical conditions in which a large fraction of E phase formed during 
deformation (e.g. 800°C) transform to very fine martensite laths on quenching due to 
a low vanadium content (Fig. 4-10c). In contrast, beta phase is retained at room 
temperature after a deformation temperature of 700°C due to the low volume fraction 
(Figs. 4-6c, d), which most likely also has a higher vanadium content [245]. 
The current observations propose a novel mechanism of grain refinement 
operating under the present experimental conditions (Fig. 4-13). The initial martensitic 
microstructure consists of relatively fine Į' laths with a high dislocation density due to 
the nature of the displacive transformation. At an early stage of deformation, a low 
angle substructure is formed in the lath interiors (Figs. 4-6a, 4-13b). The substructure 
Chapter 4. On the mechanism and thermomechanical parameter effects on UFG formation in the… 
- 93 - | P a g e  

is gradually developed with increasing strain, and the lath martensite progressively 
fragmented into small segments with high angle boundaries. Consequently, the 
microstructure is gradually converted to a very fine equiaxed grain structure, mostly 
surrounded by high angle grain boundaries (Figs. 4-6b, c, d and 4-13c). Simultaneously, 
the supersaturated martensite is decomposed to Į+ȕ phases during deformation, 
leading to the progressive formation of ȕ phase mainly nucleated on the intervariant Į' 
lath boundaries with increasing strain (Figs. 4b-d and 4-13c). In summary, the main 
mechanism of grain refinement in the current study can be defined as simultaneous 
fragmentation of martensitic laths through continuous dynamic recrystallization and 
martensite decomposition (i.e. E formation) through adiabatic heating and/or dynamic 
strain induced phase transformation. 
 
Figure 4-13: Schematic representation of the progressive fragmentation and decomposition of 
martensite through thermomechanical processing: a) as-quenched martensite microstructure having fine 
Į' laths with different orientations; b) concurrent fragmentation of lath martensite through CDRX and 
precipitation of ȕ from supersaturated Į' martensite; c) fully ultrafine grained microstructure containing 
fine ȕ second phase. The fine boundary segments and grains with grey colour in (b) and (c) represent 
low angle boundaries and ȕ phase, respectively. The arrows show the deformation direction. 
4.5 Conclusions 
The flow behaviour and microstructural evolution of martensitic Ti-6Al-4V alloy was 
investigated through uniaxial hot compression at different thermomechanical 
conditions. The effect of thermomechanical variables (e.g. strain, strain rate and 
deformation temperature) on deformation behaviour and UFG formation was assessed. 
i) The stress-strain curves of martensitic Ti-6Al-4V revealed continuous flow 
softening during hot deformation. This was associated with non-uniform 
plastic deformation as a result of adiabatic shear and fragmentation of acicular 
Į' laths into ultrafine grains (i.e. superplastic deformation). The extent of flow 
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softening and adiabatic heating induced macroscopic shear was greater at 
high strain rates and low deformation temperatures. 
 
ii) Through warm deformation of a fine acicular martensitic microstructure, the 
Ti-6Al-4V alloy was transformed into a fully ultrafine equiaxed Į+ȕ 
structure, having an average size of 150-800nm, mostly surrounded by high 
angle grain boundaries. The grain size and volume fraction was a function of 
thermomechanical parameters. There was an optimum deformation condition 
to obtain a fully equiaxed microstructure, which is a temperature range of 
700-800°C and relatively low strain rates of ~0.001-0.01 s-1. 
 
iii) The formation of beta grains was found in the current study, which is mainly 
attributed to the decomposition of martensite and/or strain induced Į'ĺD+ȕ 
reverse transformation at elevated temperatures. The stability of E phase 
during post-deformation water quenching is also affected by the TMP factors. 
At 700°C or lower deformation temperatures, beta grains were mostly 
preserved at room temperature suggesting higher stability; whereas some of 
beta grains formed at 800°C transformed into secondary alpha/martensite 
upon post-deformation cooling. The relatively lower stability result from a 
low concentration of beta stabilizer due to high volume fraction of beta grains. 
 
iv) The key reason for success of UFG production in the material at such strain 
is deformation from the fine martensitic microstructure. Establishment of 
constitutive equation revealed that the average apparent activation energy (i.e. 
Q) was estimated to be ~341 kJ/ mole. Throughout deformation, the specific 
intervariant misorientation characteristics resulting from the Burges 
relationship during beta to alpha transformation was gradually altered, along 
with progressive fragmentation of Į' laths. The multiple misorientation peaks 
was ultimately turned into nearly uniform distribution after completion of 
UFG formation, where hardly any peak can be distinguished with 
misorientation angles greater than 15q. 
 
v) The current results led to a novel grain refinement mechanism through 
deformation of a fine starting martensitic structure resulting from several 
simultaneous microstructural changes. The proposed mechanism consists of 
the formation of low angle boundaries in the martensitic lath interiors at an 
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early stage of deformation, which gradually transform into small segments of 
high angle boundaries. The microstructure is progressively fragmented into 
an ultrafine grained structure, largely having high angle boundaries, as a 
result of continuous dynamic recrystallization. The supersaturated martensite 
concurrently decomposes during deformation, resulting in the formation of 
beta phase that mostly appeared on the intervariant lath interfaces/boundaries. 
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Chapter 5 
Bulk ultrafine grained Ti-6Al-4V alloy 
produced by symmetric and asymmetric 
rolling of a martensitic microstructure 
5.1 Introduction 
As discussed in Chapter 4, several concurrent processes were involved in the 
refinement mechanism of martensitic Ti-6Al-4V alloy upon thermomechanical 
processing (TMP), including the development of continuous dynamic recrystallization 
throughout existing Į' laths and decomposition of supersaturated martensite into Į and 
ȕ phases. The level of grain refinement largely depended on the thermomechanical 
processing parameters, such as deformation temperature, strain and strain rate. For 
example, at a low deformation temperature and/or high strain rate, grain refinement 
was restricted to a shear-band region by the deformation instability (i.e. shear band 
and/or cracking), similar to the observation of Matsumoto and co-authors [155]. Finite 
element analysis has revealed that the effective strain in the centre of a uniaxially 
compressed specimen is higher than its nominal strain [94, 223]. In the current study, 
the optimum processing deformation condition was a temperature range of 700–800°C 
and a relatively low strain rate of ~0.001-0.01 s-1 where a fully equiaxed microstructure 
can be obtained in an area of ~5u5u2 mm3 (Fig. 4-5). However, the relatively low 
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strain rate would be a challenge to produce bulk ultrafine grained titanium alloys on 
an industrial scale.  
One of the most effective thermomechanical parameters is the deformation mode 
(e.g. shear deformation), which can significantly influence the grain refinement 
process in Ti alloys [95]. Asymmetric rolling is a new processing route to produce an 
ultrafine-grained (UFG) microstructure in metals such as steels [246, 247], aluminium 
[248, 249], magnesium [250, 251] and zinc [252]. The microstructural refinement 
enhanced through asymmetric rolling is mostly due to an increase of the effective 
strain throughout the thickness and the provision of a complex deformation path. 
Moreover, the introduction of rolling asymmetry may also lead to a significant change 
of texture [249], ultimately contributing to an improvement in formability. Despite the 
advantages of this process, only limited study of the asymmetric rolling of Ti alloys 
(i.e. pure titanium alloy [253]) has been reported.  
The aim of the present study was to investigate the extent of grain refinement 
through both symmetric and asymmetric rolling of the martensitic Ti-6Al-4V alloy. In 
addition, the influence of deformation modes on texture evolution and the mechanical 
behaviour of the final products for different thermomechanical conditions was 
examined.  
5.2 Experimental procedure 
The material used in the current study was a 5.75 mm thick Ti-6Al-4V alloy plate 
received in the hot-rolled condition (Fig. 5-1). The plate was sectioned into billets and 
subjected to different thermomechanical processing treatments. Some billets were 
subjected to a solution treatment at 1100°C in an argon atmosphere for 30 min 
followed by immediate ice-water quenching to achieve a fully martensite 
microstructure (Figs. 5-2a,b and 5-3). Two different rolling conditions (i.e. symmetric 
and asymmetric) were applied to the martensitic microstructure using a similar 
thermomechanical schedule (Fig. 3-5c). The martensitic specimens were warm rolled 
at 800qC to different thickness reductions (i.e. 50% and 70%), with the rolling 
direction parallel to RD of the as-received plate. 
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Figure 5-1: a) Polarized optical microscopy and b) EBSD inverse pole figure (IPF) images of the as-
received Ti-6Al-4V alloy. The ȕ phase (referred by the white open arrows) is colored in white in (b). 
Representation of the color codes for Į grains was shown in the inset in (b). c) The point to point 
misorientation angle profile across the Į plates (line AĺB) in (b). ND and RD are normal and rolling 
directions, respectively. 
To study the ȕ texture in the as-received material and the effect of slow cooling 
on the texture evolution/variant selection mechanisms during ȕoĮ phase 
transformation, an as-received plate was reheated to 1020ºC in an argon atmosphere 
and held for 10 min to obtain a fully ȕ microstructure. The sample was then cooled to 
room temperature at a cooling rate of 1ºC/min. A lamellar Į+ȕ microstructure was 
produced through slow cooling (Fig. 5-2c,d and 5-3). 
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Figure 5-2: a) Optical microscopy and b) EBSD band contrast + IPF images of the as-quenched 
martensitic Ti-6Al-4V alloy images. c) Polarized optical and d) EBSD contrast + IPF images of the 
lamellar Į+ȕ Ti-6Al-4V alloy. Prior beta grain boundaries are shown as dash lines in (b) and (d). 
Representation of the color codes for Į' grain in (b) and Į, ȕ grain in (d) were shown with their 
crystallographic orientation pointing to the transverse direction (TD). ND and RD are normal and rolling 
directions, respectively. 
 
Figure 5-3: a) Schematic representation of the heat treatment procedures to produce the martensitic and 
lamellar Į+ȕ microstructures. b) XRD patterns of the Ti-6Al-4V alloys for different conditions: as-
received, martensitic, and lamellar Į+ȕ microstructures. 
Microstructure characterisation was carried out in the RD/ND plane of the rolled 
specimens using a combination of optical microscopy, SEM-AsB imaging, EBSD and 
TEM techniques. EBSD analysis was carried out on a Zeiss LEO 1530 FEG SEM, 
operated at 20 kV in the high current mode using a working distance ranging from 8 
to 10 mm. For the warm rolled specimens, a minimum step size of 50 nm was used to 
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acquire high resolution EBSD maps. For materials with other microstructures, a step 
size of 0.1-1 ȝm was employed depending on their grain size and TMP condition. HKL 
Channel 5 software was used to perform data acquisition and post-processing. TEM 
analysis was performed using a JEOL JEM 2100F microscope operated at 200 kV. The 
TEM foils, with a size of 6×8 μm, were prepared by focused iron beam (FIB) milling 
using an FEI dual-beam Quanta 3D FIB machine.  
The texture measurement was performed on the RD/TD plane using X-ray 
diffraction (XRD). Due to a coarse prior ȕ grain structure formed through the heat 
treatment schedule for both martensitic and lamellar Į+ȕ microstructures, a relatively 
large specimen (~35×35 mm) was prepared for each condition. A stage oscillation 
technique, with a 10 mm range of linear movement, was employed to cover a large 
area (i.e.  14×12 mm2) for the XRD texture measurement. Indeed, this method 
enables an analysis of more than 650 prior ȕ grains. 
Room temperature uniaxial tensile tests were carried out with the tensile 
direction parallel to the transverse direction (TD), using an Instron 5967 universal 
testing machine and a strain rate of 10í3 sí1. 
5.3 Results 
5.3.1 Microstructure and texture characteristics prior to rolling 
The as-received microstructure was dominated by coarse Į colonies (shown by the 
black arrows in Figs. 5-1a,b), which were mostly inclined along the rolling direction. 
Some colonies consisted of parallel plates with similar orientation having 
misorientation angles in the range of 0.2-2º (Fig. 5-1c). However, there were also 
regions where the Į plates were mostly fragmented into small segments, suggesting 
that the microstructure was subjected to deformation. The Į plates had an average 
thickness of 2.4 ȝm, delineated by fine ȕ layers with a typical thickness of 0.1-0.5 ȝm 
(shown by white arrows in Fig. 5-1b). The XRD results also revealed the presence of 
ȕ phase in the as-received microstructure, though the bulk texture measurement 
through XRD technique was not feasible due to a small fraction of ȕ phase (Fig. 5-3b). 
The pole figures of Į phase in the as-received microstructure mainly displayed a 
typical basal/transverse texture, comprising of two peaks in the (0002) pole figure. The 
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main peak centred at the Euler angles of {0º, 90º, 30º}, where the basal pole is aligned 
with the transverse direction (Figs. 5-4a,b). The comparatively weaker second peak 
was characterised by two basal poles ~30° inclined from ND to ±RD, respectively. 
This texture component positioned at the Euler angles of {90º, 30º, 30º} was generally 
referred as a basal texture. In the (0002) pole figure, the basal and transverse texture 
components revealed a strength of ~2.7 and 11.6 times random, respectively (Figs. 5-
4a,b). This type of {1120} 1010 !  dominant texture is typical for industrial titanium 
alloys rolled in the Į+ȕ phase regime [1, 184, 185]. 
The XRD analysis of the as-quenched specimen revealed no presence of any ȕ 
phase peaks, suggesting that the coarse prior ȕ grains, with an average size of 432±12 
ȝm, had fully transformed to martensite through reheating at 1100°C followed by ice-
water quenching (Figs. 5-3b). The microstructure was composed of martensitic laths 
with an average lath thickness of ~0.4 μm (Fig. 5-2b). These Į' plates revealed different 
orientations and distributions throughout the microstructure. The prior ȕ grain 
boundaries are preferential sites for the nucleation of martensite laths. It appeared that 
the laths nucleated on either side of a given ȕ boundary mostly had different 
orientations (shown by the white boxes in Fig. 5-2b). However, there were some prior 
beta boundaries, where the martensitic variants formed on both sides of boundary have 
a very close orientation (shown by the black box in Fig. 5-2b). The martensite texture 
was similar to the {1010}<0001> fibre texture and had a maximum strength of 7.8 
times random (Fig. 5-4c) [158]. However, two relatively strong texture components 
also appeared in the (0002) pole figure, representing the Euler angles of {90º, 90º, 0º} 
and {90º, 30º, 0º} (Fig. 5-4d). This is a typical texture observed through the ȕoĮ phase 
transformation in titanium alloys, although the texture strength was much weaker 
compared with the transformation taking place through a diffusional mechanism (i.e. 
slow cooling) [173, 188], as described in detail below. 
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Figure 5-4: a, b) The (0002), {1010}  and {1120}  pole figures and c, d) ODF sections of M2=0º and 30º 
for the Į texture of the Ti-6Al-4V alloy for the (a, c) as-received and the (b, d) martensitic 
microstructures. 
The microstructure of the slow cooled specimen consisted of a continuous film 
of Į with a thickness of ~15 ȝm, decorating the prior ȕ grain boundaries and large 
colonies of Widmanstätten Į, mainly nucleated on the grain boundary Į film (as shown 
by the black arrows in Fig. 5-2d). The formation of the Į film on prior ȕ grain 
boundaries enables measurement of the prior ȕ grain size. The ȕ grain size was 
estimated to be ~420±13 ȝm. The average size of Widmanstätten Į plate and colony 
was about ~13 ȝm and ~105 ȝm, respectively. The Widmanstätten Į plates were 
mostly separated by a fine ȕ phase layer having a thickness of ~1-3 ȝm (Figs. 5-2c-d). 
The volume fraction of ȕ phase was ~14% through XRD measurement (Fig. 5-
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3b)[254]. This microstructure, hereafter, is referred to as the lamellar Į+ȕ 
microstructure. 
The ODF section of M2=0º for the Į phase in the lamellar Į+ȕ microstructure 
revealed two major orientation components at the Euler angles of {90º, 90º, 0º} and 
{90º, 30º, 0º} similar to the martensite texture (Figs. 5-5a,b and Figs. 5-4c,d). These 
texture components have frequently been observed in the Ti-6Al-4V alloy transformed 
from the ȕ phase field through slow cooling [1]. The {90º, 90º, 0º} was the main texture 
component with the maximum intensity of 13.9 times random corresponding to the 
basal pole orientated towards the rolling direction (RD) in the (0002) pole figure (Figs. 
5-5a,b). The {90º, 30º, 0º} texture component, with a maximum intensity of ~4.3 times 
random, refers to basal poles orientated about 30º away from the normal direction 
towards the RD in the (0002) pole figure (Figs. 5-5a,b). 
Regarding the ȕ texture in the lamellar Į+ȕ microstructure, the ODF section of 
M2=45º showed one main orientation component of {112}<1-10> corresponding to the 
Euler angles of {0º, 33º, 45º} (Figs. 5-5c,d). This belongs to a so-called Į-fibre texture 
(i.e. <110>ýRD) commonly observed in the rolled bcc metals [199]. The retained ȕ 
phase in the slow cooled sample can represent the texture of parent ȕ due to the texture 
memory effect [171, 175]. Indeed, the retained ȕ phase in the as-received 
microstructure can act as pre-existing nuclei during reheating from ambient to a 
temperature above the ȕ transus. Hence, the pre-existing ȕ phase preferentially grows 
rather than nucleating new ȕ grains. As a result, the fully ȕ texture can be imitated 
from the pre-existing ȕ orientation in the as-received microstructure, although the 
grain growth may somewhat alter the texture. 
In the current study, two different heat treatments were designed to obtain the 
ȕoĮ phase transformation through different cooling rates. However, the reheating 
conditions (temperature and holding time) were designed so that a comparable ȕ grain 
size (i.e. ~432 ȝm for martensite and ~420 ȝm for lamellar Į+ȕ) obtained prior to the 
phase transformation for both cooling paths. Therefore, the extent of ȕ grain growth is 
expected to be the same for both heat treatment conditions. Therefore, the ȕ texture 
measured from the slow cooling microstructure can also represent the parent beta 
texture before the martensitic phase transformation. 
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Figure 5-5: a) The (0002), {1010}  and {1120}  pole figures and c) the ODF sections of M2=0º and 30º 
for the Į texture in the lamellar Į+ȕ Ti-6Al-4V alloy. b) The pole figures of {110}, {001} and {111} 
and d) the ODF section of M2=45º for the ȕ texture in the lamellar Į+ȕ Ti-6Al-4V alloy. 
5.3.2 Microstructure evolution during rolling 
Warm deformation of the martensitic Ti-6Al-4V alloy resulted in a significant change 
in the characteristics of the microstructure throughout the thickness (Figs. 5-6 and 5-
7). The as-rolled specimens revealed different layer morphologies (Fig. 5-7): surface 
layer, transition layer and interior layer. The former was located at the surface of the 
rolled material where more than 80% of the initial lath microstructure was converted 
to the equiaxed fine grains. This layer, hereafter, is called the surface (or UFG) layer. 
The region with less than 20% fine equiaxed grains was defined as the interior layer. 
Chapter 5. Bulk UFG Ti-6Al-4V alloy produced by symmetric and asymmetric rolling of a… 
- 105 - | P a g e  

Indeed, the interior layer is a region of the rolled material in which the strain is 
minimum. Hence, the interior layer characteristics (position and thickness) may 
change with the thermomechanical condition (reduction and deformation mode: 
symmetric versus asymmetric). The transition layer refers to a region between the 
interior and surface layers, where the fraction of fine equiaxed grains was between 
20% and 80%. The extent of these layers strongly depended on the thermomechanical 
processing conditions (i.e. reduction and deformation mode: e.g. symmetric versus 
asymmetric).  
 
Figure 5-6: Polarized optical images of the macrostructure of the martensitic Ti-6Al-4V alloy subjected 
to warm rolling at 800°C followed by water quenching using different thermomechanical conditions: a) 
50% symmetric rolling (R2=R1), b) 70% symmetric rolling (R2=R1), c) 50% asymmetric rolling 
(R2/R1=1.67) and d) 70% asymmetric rolling (R2/R1=1.67). ND and RD represent normal and rolling 
directions, respectively. 
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Figure 5-7: a, b) Schematic illustration of the rolling geometry for (a) symmetric and (b) asymmetric 
rolling. c, d) Schematic representation of the layer morphologies formed as a result of (c) symmetric 
and (d) asymmetric rolling in the deformed material.  
5.3.2.1 Symmetric rolling 
There was a gradual decrease in the level of grain refinement from the surface to the 
mid thickness of the warm rolled samples (Figs. 5-8, 5-9 and 5-10).  
At 50% symmetric rolling, all three layers were distinguishable throughout the 
thickness. The surface layer had a thickness of ~380 μm on each side of the rolled 
specimen, covering ~27% of the total thickness (Figs. 5-8 and 5-9). In this regime, the 
prior beta grain boundary was not detectable, suggesting that the material was highly 
deformed. Detailed microstructure observation by SEM-AsB displayed the formation 
of ultrafine equiaxed grains/subgrains with a mean size of ~170 nm, which was less 
than the average thickness of the initial martensitic lath (~450 nm). This suggests that 
the initial elongated laths were mostly fragmented into UFG through the deformation 
(Figs. 5-9a, b).  
At the transition layer, there was a mixture of fine equiaxed grains, along with 
partially fragmented laths (Figs. 5-8 and 5-9c, d). This layer had approximately the 
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same thickness as the surface layer (~380 ȝm) with a slightly coarser equiaxed grain 
size (~182 nm). The distribution of fine equiaxed grains became less homogeneous as 
it approached the interior layer. 
At the mid-thickness of the rolled sample (i.e. interior layer), the microstructure 
mostly appeared as the lath morphology. However, some laths were locally fragmented 
into equiaxed grains/subgrains covering ~20% of the microstructure (Figs. 5-9 e, f). 
The equiaxed grains had an average size of ~208 nm, which was coarser than average 
grain size observed in other layers. The prior beta grain boundaries could still be 
identified and were slightly elongated along the rolling direction (Fig. 5-6a). The 
interior layer covered ~46% of the total thickness of the rolled sample (Fig. 5-8a). 
 
Figure 5-8: a) The area fraction of UFG, transition and interior layers of the rolled Ti-6Al-4V specimens 
at different TMP conditions. b) The mean grain size and c) volume faction of ultrafine equiaxed 
grains/subgrains measured by SEM-AsB imaging throughout the thickness of the rolled Ti-6Al-4V 
specimens processed at different TMP conditions.  
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Figure 5-9: AsB images of the deformed Ti-6Al-4V alloy at different areas of the specimens 
symmetrically rolled at 800°C to 50% reduction followed by water quenching: (a-b) 1/8, (c-d) 1/4 and 
(e-f) 1/2 of the final thickness from the surface. ND and RD are normal and rolling directions, 
respectively. 
At the 70% symmetric rolling reduction, a significant change in the 
characteristics of grain refinement was observed throughout the thickness (Figs. 5-8 
and 5-10). There was a remarkable increase in the fraction of ultrafine grain throughout 
the thickness, as more than 50% of mid thickness appeared as an UFG structure. In 
other words, only two layers can be distinguished throughout the thickness:  the surface 
and transition layers (i.e. no interior layer). As a result, the extent of surface and 
transition layers was remarkably enhanced to ~49% and ~51%, respectively (Fig. 5-
8a). However, there was a slight increase in the average grain size, with an increase in 
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the reduction from 50% to 70% at a comparable depth from the surface of the rolled 
sample. This increment could be related to the adiabatic heating, which increases with 
an increase in the reduction. 
 
Figure 5-10: AsB images of the deformed Ti-6Al-4V alloy at different areas of the specimens 
symmetrically rolled at 800°C to 70% reduction followed by water quenching: (a-b) 1/8, (c-d) 1/4 and 
(e-f) 1/2 of the final thickness from the surface. ND and RD are normal and rolling directions, 
respectively. 
5.3.2.2 Asymmetric rolling 
In the current study, the asymmetric rolling was provided by rolls with different radii 
(Fig. 5-7b,d). The specimen layer close to the larger rolls (hereafter called bottom 
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surface) was characterised by higher linear rolling speed. By contrast, a smaller linear 
speed was introduced to the other side (hereafter called top surface), which was in 
contact with the small roll. As a result, the material flow was different due to the linear 
velocity difference between the top and bottom rolls. This gave rise to a gradient 
structure from the top to bottom surfaces of the rolled sample, as shown in the RD/ND 
plane (Figs. 5-6 to 5-8). Therefore, the roll diameter significantly altered the 
characteristics (i.e. width and position) of layers formed throughout the thickness 
(Figs. 5-6 to 5-8 and 5-11, 5-12).  
 
Figure 5-11: AsB images of the deformed Ti-6Al-4V alloy at different areas of the specimen 
asymmetrically rolled at 800°C to 50% reduction followed by water quenching: (a-b) 1/4 of final 
thickness from the top surface, (c-d) middle thickness and (e-f) 1/4 of final thickness from the bottom 
surface. ND and RD are normal and rolling directions, respectively. 
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For the 50% asymmetric rolling reduction, the minimum UFG fraction was about 
30% in the ND/RD plane (Figs. 5-7, 5-8 and 5-11), and the thickness could be only 
classified into surface and transition layers (i.e. no interior layer). The thickness of the 
surface layer formed at the large roll was much thicker than produced by the small roll 
(Figs. 5-6c and 5-7d). The surface layer next to the large roll was ~ 670 ȝm thick, 
while its thickness appeared to be ~100 ȝm at the small roll. In addition, the transition 
layer was displaced towards the small roll, having a thickness of ~1850 ȝm (Fig. 5-
11).  
For the 70% reduction asymmetric rolling, the microstructure consisted of an 
ultrafine grained structure throughout the thickness. In other words, there were no 
transition and interior layers and the entire thickness can be referred to as an UFG layer 
(Figs. 5-6d and 5-12). It can be noticed that secondary alpha/martensite partially forms 
under this conditions which was characterized by finer lath thickness compared with 
the non-deformed martensitic microstructure. In summary, the asymmetric rolling 
significantly altered the characteristics of the different layers and enhanced the extent 
of grain refinement in comparison with the symmetric rolling at a given reduction. 
 
Figure 5-12: AsB images of the mid-thickness of the martensitic Ti-6Al-4V alloy after 70% 
asymmetrical rolling at 800°C followed by water quenching at different magnifications. ND and RD 
are normal and rolling directions, respectively. The arrows in (b) refer to secondary alpha/martensite 
phase formed upon post-deformation quenching. 
EBSD study on the mid-thickness microstructure of the deformed samples 
clearly revealed the impact of deformation mode on the extent of grain refinement (Fig. 
5-13). For the 50% symmetrical rolling condition, the martensitic laths were partially 
fragmented into small segments, resulting in the formation of equiaxed grains with 
high angle grain boundaries (HAGBs) locally. For this condition, the misorientation 
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angle distribution revealed a peak centering at ~60° (Fig. 5-14), similar to the 
deformed martensitic microstructure to a strain of 0.2–0.4 through uniaxial 
compression, as discussed in Chapter 4 (Fig. 4-7). This suggests that the characteristics 
of the starting martensitic microstructure (i.e. lath morphology and intervariant 
misorientation relationship) was largely maintained. At the 50% asymmetric rolling 
condition, the mid-thickness microstructure revealed a higher fraction of fine equiaxed 
grains (Fig. 5-13). In addition, the initial martensitic material lost their characteristics 
of misorientation angle distribution and no specific peak can be easily observed above 
10° (Fig. 5-14). The fraction of high angle grain boundaries (>15q) was slightly higher 
in the asymmetric rolling (~76.9%) compared with symmetric rolling (~72.5%) for the 
50% thickness reduction.  
 
Figure 5-13: EBSD inverse pole figure (IPF) images measured at the mid-thickness of the martensitic 
Ti-6Al-4V alloy subjected to (a) symmetric and (b) asymmetric rolling to 50% reduction at 800°C. The 
black, red, white, green lines represent grain boundaries with misorientation angle (T) greater than 15°, 
5°<T<15°, 2°<T<5°, respectively. Representation of the colour codes for Į grain are shown with their 
crystallographic orientation pointing to the rolling direction (RD). ND and RD are normal and rolling 
directions, respectively. 
The mean size of equiaxed grains for the asymmetric rolling (~321 nm, Fig. 5-
14) was very close to the symmetric rolling (i.e. ~314 nm) and both of them were 
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greater than the results obtained by SEM-AsB measurement (Fig. 5-8b). This 
difference is not surprising as both EBSD and SEM-AsB techniques have advantages 
and weaknesses. The former is not able to detect very fine grains (<100 nm) due to the 
limitation in spatial resolution, though the misorientation angle boundaries can be 
measured through EBSD, which enables differentiation of a grain from a sub-grain. 
The SEM-AsB approach reveals all grains/sub-grains as fine as 20 nm; however the 
misorientation angle across the boundaries cannot be measured. 
 
Figure 5-14: The distribution of (a) Į misorientation angles and (b) UFG grain diameter for EBSD maps 
of the martensitic Ti-6Al-4V alloy subjected to symmetric and asymmetric rolling to 50% reduction at 
800°C.  
Interestingly, the warm deformation of the supersaturated martensitic Ti-6Al-4V 
alloy also resulted in the precipitation of very fine ȕ phase in the warm rolled 
microstructure (Fig. 5-16). The presence of beta phase was confirmed through XRD 
measurement for all deformation conditions (i.e. reduction and deformation mode, Fig. 
5-15) and TEM analysis in conjunction with energy-dispersive X-ray spectroscopy 
(EDS) (Fig. 5-16 and Table 5-1). It appeared that the redistribution of substantial 
alloying elements was likely to take place during deformation, resulting in two distinct 
regions: enriched vanadium and depleted vanadium regions, which locally converted 
Dc into ȕ and Į phases, respectively. However, the amount of ȕ phase was low, 
resulting in a relatively small peak in the XRD profile, which made it difficult to 
measure the ȕ volume fraction for a given thermomechanical condition (Fig. 5-14).  
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Figure 5-15: The XRD patterns measured at the grip and fracture regions after tensile testing of the 
martensitic Ti-6Al-4V alloy produced under different thermomechanical conditions: a) 50% symmetric 
rolling, b) 70% symmetric rolling, c) 50% asymmetric rolling and d) 70% asymmetric rolling at 800°C. 
 
Figure 5-16: a) Bright view TEM image of the Ti-6Al-4V alloy processed by 50% asymmetric rolling 
at 700°C followed by water quenching. (b-c) Corresponding energy-dispersive X-ray spectroscopy 
(EDS) elemental maps of the same area in (a) for V (b) and Al (c). d) Concentration variation of Al and 
V elements along the dash arrow shown in (a-c). 
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Table 5-1: Elemental concentration of Al and V of selected areas in Fig 5-16. 
 
Zone 
Counts Atomic% Weight% 
Al V Al V Al V 
A 2170.34 500.09 9.34 2.89 5.47 3.16 
B 809.25 1886.44 5.54 17.33 3.20 18.66 
It would be expected that the volume fraction of beta is different in each layer 
for a given deformation condition, as there is strain gradient through the thickness. In 
other words, there is a direct link between the grain refinement extent and the ȕ phase 
fraction. In general, the beta fraction was associated with the deformation strain and/or 
the level of deformation heating, in particular. For example, the fraction of beta phase 
should be greater in the surface layer in comparison with the interior layer, as the 
former experienced much greater deformation. However, the newly formed high 
temperature ȕ phase may transform into another phase (i.e. secondary martensite) 
during post-deformation cooling, as discussed in Chapter 4. For instance, at the bottom 
layer (i.e. close to the larger roll) of the 70% asymmetric rolling specimen, secondary 
martensite (shown by arrows in Fig. 5-12b) was observed. As discussed in Chapter 4, 
this is believed to be a result of ȕĺĮc transformation during post-deformation cooling 
[245].  
5.3.3 Texture evolution during deformation 
Upon warm rolling, the starting martensitic microstructure lost its initial 
characteristics, leading to distinct texture developments depending on the 
thermomechanical condition (reduction and deformation mode, Figs. 5-17 to 5-20). In 
the current study, the texture was measured at two positions with respect to the surface 
of the rolled sample for the different thermomechanical conditions: i) a depth of ~0.25-
0.3 mm from the surface, hereafter called the surface texture and ii) mid-thickness of 
the rolled sample referring to the mid-thickness texture. The latter does not always 
represent the texture of the interior layer as the position of this layer can be altered by 
the deformation mode, as described above. 
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Figure 5-17: The (0002) and {1120 } pole figures for the Į texture measured at (a) the mid-thickness 
and (b) the surface layers of the martensitic Ti-6Al-4V alloy specimens subjected to 50% symmetric 
rolling at 800°C. 
5.3.3.1 Symmetric rolling texture: 
5.3.3.1.1 Mid-thickness texture: 
At 50% reduction, the initial martensitic phase transformation texture dominated by 
the {1010} 0001 !  component was significantly altered at the mid-thickness of the 
rolled sample (Figs. 5-17a,b). The main difference was the appearance of a 
{1120} 1010 ! component parallel to the TD in the (0002) pole figure (i.e. transverse 
texture or T-texture), corresponding to the Euler angles of {0º, 90º, 30º}. In addition, 
another relatively weaker texture component was observed with basal poles aligned 
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~30° away from ND to RD (Fig. 5-17a), representing a component having the Euler 
angles of  {90°, 35°, 30°} (Fig. 5-17b). After 50% symmetric rolling, the maximum 
texture intensity of the (0002) pole figure significantly reduced from 7.8 times random 
at the martensitic condition to 2.3 times random. At a higher reduction of 70%, the 
overall texture characteristics were similarly maintained, although the texture intensity 
slightly increased to ~2.4 times random (Figs. 5-18a,b). 
 
Figure 5-18: The (0002) and {1120 } pole figures for the Į texture measured at (a) the mid-thickness 
and (b) the surface layers of the martensitic Ti-6Al-4V alloy specimens subjected to 70% symmetric 
rolling at 800°C. 
  
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5.3.3.1.2 Surface texture: 
At 50% reduction, there was a dramatic change in the initial martensitic texture at the 
surface (Figs. 5-17c,d). The main texture peaks in the martensite, representing the 
Euler angles of {90º, 90º, 0º} and {90º, 30º, 0º}, mostly disappeared in the (0002) pole 
figure. Instead, a single peak was present at the position of ~30º away from the ND 
towards the TD direction, approximately representing the Euler angles of {335º, 30º, 
30º}. The overall intensity also reduced to 4.0 times random, mainly spreading in the 
ND-TD plane. At 70% reduction, the surface texture further changed, revealing a 
strong peak around the Euler angles of {0º, 0º, 0º}, mostly spreading towards the TD 
direction (Fig. 5-17d). This texture was somewhat close to the {0001} 1120 !  
orientation, known as the basal texture. The overall intensity significantly enhanced to 
16.9 times random.     
5.3.3.2 Asymmetric rolling texture: 
5.3.3.2.1 Mid-thickness texture: 
The asymmetric rolling had a more pronounced effect on the deformation texture 
throughout the thickness (Figs. 5-19 and 5-20). Similar to the symmetric rolling, the 
main martensitic texture components changed to new orientation components in the 
(0002) pole figure at 50% reduction (Figs. 5-19c,d). Three main orientation 
components appeared in the (0002) pole figure. The main component was observed at 
the Euler angles of {60º, 15º, 0º}. However, they were displaced ~15° from the ND to 
RD, approximately representing the Euler angles of {60º, 15º, 0º} and {-60º, 15º, 0º}, 
respectively. The initial {90º, 30º, 0º} component in the martensitic texture was nearly 
diminished, though a new component representing the Euler angles of {60º, 15º, 0º} 
and {-60º, 15º, 0º} were observed (Figs. 5-19c,d). Instead, a new peak appeared at the 
Euler angles of {90º, 30º, 30º}. The maximum intensity was measured 2.85 times 
random. At a reduction of 70%, the characteristics of deformed texture were 
maintained, though the texture strength moderately enhanced to 3.2 times random 
(Figs. 5-1c,d), while the basal texture (i.e. {± 60º, 15º, 0º}) also became relatively 
stronger compared with the transverse component. 
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5.3.3.2.2 Surface texture: 
In the asymmetric rolling, the surface texture with respect to both roll diameters was 
measured. As expected, the texture development at the surface in contact with the 
small roll was slightly different from that observed in the vicinity of the large roll 
surface at a given reduction. At 50% reduction, the characteristics of texture at both 
surfaces were similar, consisting of {0º, 90º, 30º} and {0º, 30º, 0º} components in the 
(0002) pole figure (Figs. 5-19a,b,e,f). This was a typical texture observed at the surface 
texture of symmetric rolling at 50% reduction (Figs. 5-17c,d). It is noteworthy that the 
basal texture was the main texture component at the top and bottom surfaces after 50% 
asymmetric rolling, while the transverse texture component was relatively stronger at 
the mid-thickness. The overall texture intensity was 2.85 and 3.0 for the surface texture 
next to the small and large rolls, respectively. 
The top surface layer of asymmetrically rolled specimen with 70% reduction at 
800°C (Figs. 5-20a,b) displayed a more intense (0002) pole dispersing around the 
ND/TD plane, compared with its counterpart at 50% asymmetric rolling (Figs. 5-
19a,b). Noticeably, the component with the c-axis oriented 30° from the ND to RD 
was not able to be determined. With respect to the bottom layer, the (0002) texture can 
be divided into 3 elements. Firstly, the transverse component, having a maximum 
intensity of ~2.4 times random, was observed similar to 50% asymmetric rolling 
conditions (Figs. 5-20e,f). In addition, a basal pole located around the Euler angles of 
{0°, 0°, 0°} was found  shifting from the ND towards the TD direction. The third 
texture component, which was not notable in the top layer, was also tilted ~45° from 
the ND towards the RD, with a peak intensity of ~1.8 times random. The maximum 
texture strength was ~3.9 times random (Fig. 5-18e). 
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Figure 5-19: The (0002) and{1120 } pole figures for the Į texture measured at (a) the top surface, (b) 
mid-thickness and (c) the bottom surface layers of the martensitic Ti-6Al-4V alloy specimens subjected 
to 50% asymmetric rolling at 800°C. 
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Figure 5-20: The (0002) and{1120 } pole figures for the Į texture measured at (a) the top surface, (b) 
mid-thickness and (c) the bottom surface layers of the martensitic Ti-6Al-4V alloy specimens subjected 
to 70% asymmetric rolling at 800°C. 
  
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5.3.4 Tensile property 
The mechanical properties of the Ti-6Al-4V alloy processed under different 
thermomechanical conditions were evaluated using tensile testing along the transverse 
direction (TD) of the rolled specimens. The engineering stress-strain curves revealed 
that the thermomechanical processing routes had a significant effect on the mechanical 
response (Fig. 5-21 and Table 2). The as-received Ti-6Al-4V alloy initially exhibited 
a region of work hardening up to 5.36% tensile elongation where the ultimate tensile 
strength of 1117 MPa was obtained. Beyond the engineering peak stress, a gradual 
softening took place to a total elongation of 18.6%. The yield and fracture strengths of 
the material were about 1025 MPa and 986 MPa, respectively. With respect to the 
martensitic Ti-6Al-4V alloy produced by the solution treatment followed by ice-water 
quenching, higher yield and ultimate strengths were obtained, while the material 
fractured at a total elongation of only 2.1% (Fig. 5-21a, Table 5-1). 
After symmetric rolling of the martensitic structure at 800°C and 50% reduction, 
the alloy displayed higher yield strength, ultimate tensile strength and total elongation 
(i.e. 1131 MPa, 1269 MPa and 11%, respectively) in comparison with the martensitic 
condition. Interestingly, the specimen symmetrically rolled at 70% reduction exhibited 
an outstanding mechanical response, offering yield strength, ultimate tensile strength 
and total elongation of 1232 MPa, 1363 MPa and 19.7%, respectively. The asymmetric 
rolling revealed further improvement in the total elongation compared with the 
symmetric rolling for a given reduction. However, the changes in the yield and 
ultimate tensile strengths were negligible for different deformation modes at a given 
reduction. The optimum mechanical response was obtained for the asymmetric rolling 
of 70%, offering a total elongation of ~22.8%. The current result suggests that an 
increase in the warm rolling reduction enhanced the mechanical properties for both 
symmetric and asymmetric rolling conditions, although the asymmetric rolling results 
revealed higher total elongation. 
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Figure 5-21: a) Engineering tensile stress-strain curves, b) work-hardening rate, c) mechanical 
behaviour (i.e. strength and  elongation), and d) strength-ductility balance of the Ti-6Al-4V alloy 
subjected to different thermomechanical conditions.  
Table 5-2: Tensile properties of Ti–6Al–4V alloy in different thermomechanical conditions. 
Deformation 
Condition 
Yield 
Stress 
(MPa) 
Uniform 
Elongation 
(%) 
Ultimate 
Tensile Stress 
(MPa) 
Tensile 
Elongation 
(%) 
Reduction 
of Area 
(%) 
Reference
 As-received Plate 1024.6 5.36 1117.3 18.6 30.3 
Current 
work 
 Martensite 1068 2.1 1190.4 2.55 5.4 
SR50% 1131.3 4.47 1269.1 13 18.3 
ASR50% 1204.8 4.76 1273.6 18.7 37.1 
SR70% 1232 4.58 1362.5 19.7 41.5 
ASR70% 1231 4.93 1365.1 22.8 51.1 
SPD Processed  SMC 
Ti–6Al–4V 
1180 0.94 1300 7 60 
[255] 
(A) 
ECAPed UFG ELI 
Grade Ti–6Al–4V 
1193 2.44 1370 14  
[256] 
(B) 
The strain hardening rate, T=dVedH, as a function of true strain exhibited different 
characteristics depending on the thermomechanical processing (Fig. 5-21b). The as-
received material revealed two distinct stages. Initially, there was a sharp fall in the 
strain-hardening rate (dı/dİ) to a true strain of ~0.03, which is associated with a 
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transition from the elastic to plastic regime. This was followed by a sudden decrease 
in the strain-hardening rate up to a true strain of 0.12. Slight undulations were observed 
on the curve. The as-quenched martensitic structure, however, displayed significantly 
different strain-hardening characteristics, showing a continuous precipitous drop in the 
strain-hardening rate to about a true strain of 0.02. This suggests that the martensitic 
structure experienced very limited plastic deformation before fracture and most 
elongation was associated with the elastic deformation. In contrast, the warm 
deformation of martensite resulted in significant changes in the strain-hardening 
behaviour. Generally, the strain-hardening behaviour of the thermomechanically 
processed martensitic structure at 50% reduction exhibited similar characteristics to 
the as-received microstructure. Although the position of strain-hardening rate change 
appeared at a lower true strain and the curve oscillations were more obvious at 50% 
for both symmetric and asymmetric warm rolling conditions compared with the as-
received material. An increase in the warm rolling to 70% reduction for both 
deformation modes resulted in a monotonic decrease in the strain-hardening rate as a 
function of true strain. Indeed, no abrupt change in the strain-hardening rate was 
observed and the oscillations had almost disappeared at 70% reduction for both 
symmetric and asymmetric warm rolling conditions. 
The strength-ductility balance of the material represented by the product of the 
ultimate tensile strength and the total elongation in the present study was enhanced 
with an increase in the reduction for both deformation modes (Figs. 5-20c, d). However, 
the extent of the UTS×TE improvement was greater after asymmetric rolling compared 
with symmetric rolling at a given reduction. In general, the UTS×TE obtained in the 
current study was in the range of 15000 to 30000 MPa.%, which is much greater than 
the values obtained through different grain refinement approaches in Ti alloys [24, 256] 
(Fig. 5-21c). The highest UTS×TE was achieved at 70% through the asymmetric 
rolling, which reached as high as 30,000 MPa.% in the current study. This is 
comparable with the values reported for advanced transformation-induced plasticity 
(TRIP) steels [59].  
The thermomechanical processing had significant effects on the characteristics 
of fracture surface (Fig. 5-22) upon tensile testing. The as-quenched martensite 
exhibits many faceted features on the brittle fracture cross-section, where the facet 
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plane appeared similar to prior beta grain boundaries. This is consistent with the 
characteristics of a so-called quasi-cleavage fracture mode reported for a similar 
material [149].  
 
Figure 5-22: Typical SEM fractograph of (a) partially, (b) heavily and (c) fully refined martensitic Ti-
6Al-4V alloy processed at different TMP conditions: a) 50% SR at 700 °C, b) 50% ASR at 800 °C c) 
70% AsR at 800 °C. ND and RD are normal and rolling directions, respectively. 
For the warm deformed sample, which comprised partial ultrafine grain in the 
initial martensitic structure matrix (i.e. partially fragmented martensitic microstructure, 
e.g. 50% SR at 700 °C), a markable amount of cleavage facets and crack closures were 
revealed while the interior alpha laths can still be observed after fracture. In addition, 
the grain boundary alpha-like planes were clearly observed on the fracture surface, 
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suggesting that the initiation of the crack may preferentially nucleate at the prior E 
grain boundaries. To some extent, this is similar to the quasi-cleavage fracture 
commonly observed for the martensitic [149] or fine Widmanstätten Ti-6Al-4V alloy 
[1]. With an increase in the fraction of fine equiaxed grains, more equiaxed dimples 
with a size of less than 2 ȝm appeared on the fracture surface (Fig. 5-22). These 
dimples were elongated along the tensile direction due to extensive plastic flow during 
crack progression. This ductile manner of crack growth accompanied by voids-
formation is typically found in equiaxed titanium alloys having high room-
temperature-ductility and fracture toughness [1]. 
5.4 Discussion 
5.4.1 Texture development and variant selection during 
martensitic phase transformation 
The texture developed through the martensitic phase transformation (i.e. rapid cooling) 
is qualitatively similar to the ȕĺĮ phase transformation texture resulting from slow 
cooling (i.e. diffusional mechanism) [173, 186, 188], where the two main texture 
components with the Euler angles of (90°, 90°, 0°) and (90°, 30°, 0°) are present in the 
(0002) pole figure (Figs. 5-4b and 5-5a). The main difference is that the overall texture 
strength is greater in the slow cooling condition (i.e. 13.9 times random) compared 
with the martensitic structure (i.e. 7.8 times random). The phase transformation texture 
characteristics are mainly attributed to the presence of strong crystallographic variant 
selection mechanisms governed by the Burgers relationship during the ȕĺĮ phase 
transformation [173, 186, 188], where, under specific circumstances, certain 
orientations/variants are formed more frequently than others.  
There are different factors influencing the crystallographic variant selection 
during the ȕĺĮ phase transformation such as: the alloy composition [45, 173], the ȕ 
grain size [5,6], the initial ȕ texture and the phase transformation path (i.e. cooling rate) 
[45]. Alloys with different additions (e.g. ȕ stabilizer) can alter the phase 
transformation product characteristics [45]. As the composition of the alloy is similar 
for both martensite (i.e. rapid cooling) and lamellar Į+ȕ (i.e. slow cooling) 
microstructures produced in the current study, the effect of composition on the variant 
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selection mechanism can be ruled out here. The coarsening of the parent ȕ grain also 
enhances the crystallographic variant selection resulting in a strong (90°, 30°, 0°) 
component in the phase transformation texture [173]. Interestingly, the ȕ grain size 
prior to martensitic transformation is ~432 ȝm, which is comparable with the ȕ grain 
size (i.e. ~420ȝm) transformed to lamellar Į+ȕ microstructure on slow cooling (Fig. 
5-2). This suggests that the observed phase transformation texture in the martensitic 
structure is related to either the ȕ texture and/or phase transformation path (i.e. cooling 
rate). 
It is well known that the crystallographic variant selection significantly depends 
on the c-axis alignment of two Į variants initially nucleated on the grain boundary of 
adjacent ȕ grains. The formation of the (90°, 30°, 0°) component, for example, is a 
result of the nucleation of a given Į variant on both sides of the E grain boundaries that 
are formed by two grains having a common (110) normal [173, 186, 188]. On reheating, 
the inverse Įĺȕ phase transformation produces six distinct crystallographic ȕ variants 
from a given Į variant/grain. These ȕ variants share common (110) planes having twin 
relationship, as shown by others in pure Ti [171]. Interestingly, the (110) plane is the 
closest packed plane in a bcc crystal structure material with minimum interface energy 
[257]. In other words, the inverse Įĺȕ phase transformation promotes the (110) planes, 
which can enhance the formation of the (90°, 30°, 0°) component as a result of the 
preferential nucleation of a given Į variant on both sides of the E grain boundaries with 
a common (110) normal. In the current study, the reheating schedule was the same for 
both martensitic and lamellar Į+ȕ microstructures. Therefore, it is expected that the 
texture of ȕ formed on reheating would be similar before the ȕĺĮ transformation for 
both heat treatment conditions. However, the strength of the martensitic texture (i.e.  
7.8 times random, Figs. 4c-d) is significantly weaker than the diffusional ȕĺĮ phase 
transformation (i.e. 13.9 times random, Figs. 5-5a,b).  
In addition, the initial ȕ texture in the current study is very similar to the work 
by Stanford and Bate [5], where the resultant phase transformation texture through 
slow cooling is much stronger (~19 times random) than the martensitic structure in the 
current study ( 7.8 times random). They simulated the Į texture from the measured ȕ 
texture assuming that there is no variant selection taking place during ȕĺĮ phase 
transformation. The calculated Į texture reveals much weaker texture strength (i.e. 10 
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times random) than the measured texture (~19 times random) [5]. Interestingly, the 
calculated texture is very similar to the martensite texture formed in the current study, 
albeit with a slightly stronger texture (~10 times random) than the present martensite 
texture strength (i.e. 7.8 random times). This suggests that the reduction in the texture 
strength is mainly attributed to the phase transformation path (i.e. martensitic 
transformation/cooling rate) through weakening of the crystallographic variant 
selection.  
The nucleation of a preferred Į-variant on the ȕ grain boundary reduces the 
boundary energy and the strain energy induced during the ȕĺĮ phase transformation 
[257, 258]. The phase transformation driving force is small at high transformation 
temperatures, which is taking place for the slow cooling condition. This results in the 
selection of a specific variant to preferentially nucleate on a given ȕ boundary. The 
difference in the activation energy for the nucleation of different Į variants reduces 
with an increase in the cooling rate (i.e. a decrease in the transformation temperature). 
In addition, the ȕ phase strength increases with a decrease in the phase transformation 
temperature (e.g. rapid cooling), promoting formation of different variants to self-
accommodate the transformation strain. In other words, the martensitic transformation 
taking place as a result of rapid cooling significantly weakens the crystallographic 
variant selection during the ȕĺĮ phase transformation. Similar observations were 
reported for the variant selection mechanism in the bainitic phase transformation in 
steels [257, 258]. Consequently, the formation of multiple variants is frequently 
observed on either side of a given prior ȕ boundary in the martensitic structure (shown 
by the white boxes in Fig. 5-2b), which weakens the strength of the texture (i.e. 
weakening the variant selection). Occasionally, Į variants with a similar orientation 
are found on both sides of a given E grain boundary in the martensitic microstructure 
(shown by the black box in Fig. 5-2b), which can contribute in the formation of the 
(90°, 30°, 0°) component in the martensitic texture. 
5.4.2 Effect of warm rolling condition on microstructure 
In the current study, an ultrafine equiaxed grain structure, with a size of less than 
320 nm, was successfully produced in a Ti-6Al-4V alloy through warm rolling of a 
martensitic starting microstructure (Figs. 5-8b and 5-14b). As discussed in Chapter 4, 
Chapter 5. Bulk UFG Ti-6Al-4V alloy produced by symmetric and asymmetric rolling of a… 
- 129 - | P a g e  

the grain refinement is a result of a novel mechanism consisting of several concurrent 
processes. This involves the development of substructure in the lath interiors at an 
early stage of deformation, which progressed into small high angle segments with 
increasing strain. Subsequently, the starting martensitic microstructure with lath 
morphology was gradually transformed to an equiaxed ultrafine grained structure, 
mostly surrounded by high angle grain boundaries, through continuous dynamic 
recrystallization. Simultaneously, the supersaturated martensite is decomposed during 
deformation, leading to the progressive formation of ȕ phase, mainly nucleated on the 
intervariant lath boundaries (Figs. 4-6 and 4-13). 
In the symmetric warm rolling, the grain refinement is not uniform throughout 
the thickness, resulting in the formation of three different layers: UFG, transition and 
interior (Figs. 5-6 and 5-7). The distinct microstructural difference is due to the change 
in the effective strain and deformation component mode (i.e. compression and shear) 
through the thickness of the rolled sample. The effective strain varies from the surface 
to the mid-thickness of the rolled sample and it would be maximum at the surface in 
contact with the roll, due to the presence of friction. In contrast, the mid-thickness 
experiences the minimum strain in a given reduction. In addition, the surface layer of 
the rolled sample simultaneously experiences the operation of shear and plane strain 
compression component modes, which enhance the activation of multiple slip systems. 
This results in the fragmentation of lath martensite through the formation of a 
subgrain/cell substructure, locally having higher misorientation angles. Similar to the 
current result, the observation of substructure development in a hot-rolled austenite in 
Ni-30Fe alloy revealed two distinct dislocation arrangements formed at the surface and 
centre regions. The former showed a heavily dislocated, equiaxed cell substructure, 
though the latter appeared to be a well organised micro-band substructure [259]. 
This may result from the differences in deformation mode and resultant effective 
strain between these distinct layers. The level of effective plastic strain can be 
generally estimated qualitatively using the equivalent von Mises strain (İVM) given by 
[260]: 
2 2 2 2 2 22 ( ) ( ) ( ) 6( )
9VM x y y z x z xy xz yz
H H H H H H H J J Jª º        ¬ ¼               (5.1) 
where İi=x, y, z, Ȗij=yz, xz, xy represent the normal and shear strain in x, y and z directions 
of a deformed object. During the rolling process, the x, y and z indicate rolling, 
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transverse and normal direction of the plate, respectively. For conventional symmetric 
rolling, the plastic region is thinned by the compressive strain (together with the shear 
strain for asymmetric rolling) in the normal direction and free to expand in the rolling 
direction. The lateral expansion in the transverse direction is restricted by undeforming 
material on forward and backward direction of roll gap and friction between the plate 
and rolls [261]. Hence, the deformation state can be approximately reduced to a two-
dimensional plane strain, where İx=-İz, İxy=0 and Ȗyz=Ȗxy=0. As a result, the form of 
equation 5.1 can be reduced to: 
2 2 2 2 2 22 2( ) ( ) ( ) 6
9 3VM x z x z xz z xz
H H H H H J H Jª º      ¬ ¼                          (5.2) 
In the current study, a shear strain in the RD/ND plane (Ȗyz) was taken into 
account for asymmetric rolling and the surface region of symmetric rolling due to the 
friction between rolls and the plate [248], whereas the external shear strain was taken 
as zero at the mid thickness of symmetrically rolled plate. The compressive strain İz 
can be readily calculated through the thickness reduction after the rolling process. 
However, the estimation of shear strain Ȗyz is more complicated as the frictional shear 
stress and resultant plastic deformation depends on the geometry of rolls and plate, 
rolling conditions such as rolling speed, reduction and lubrication, as well as the 
elastic/plastic response of the deforming material under the particular condition. Based 
on a geometrical analysis Kang et. al [262] proposed an equation to determine the true 
shear strain, which can be expressed as: 
^ `1 11 1 2 21 ( ) cos 1 ( ) / 2 cos 1 ( ) / 2xz i f i f i fh h R h h R R h h RJ  ª º ª º      ¬ ¼ ¬ ¼ (5.3) 
where hi and hf represent the initial and final thickness of plates subjected to rolling, 
and R1 and R2 are the radii of larger and smaller rolls, respectively. Several 
assumptions were taken for this geometric calculation including: i) shear distance 
equals the roll arc length from the contact point to the release point on the plate surface; 
ii) the minimum distance of the roll gap was taken as the point of release and iii) the 
mid-thickness plane of plate remains planar during rolling [249, 262]. However, the 
possible sliding between the rolls and place surface and their elastic deformation were 
not considered in this equation. This may lead to over-overestimation of the shear 
strain. In a recent study, Berusir and co-workers [250] proposed a method to calculate 
the shear coefficient (K) through measurement of the shear angle (șf) of vertical inserts 
in the sample after rolling. The shear coefficient can be determined through: 
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/ ( ) tan( )xz z f i f fh h hK J H T                                                                   (5.4) 
This formula is expected to be a more precise description of the relationship 
between the normal and shear strain. This is because all of the external and internal 
factors have an effect on the vertical inserts of identical material during the rolling 
process and then are reflected through the shear angle. By combining Eqs. 5.3 and 5.4, 
the effective strain can be calculated 
^ `22 1 tan( ) ( )3VM z f f i fh h hH H Tª º  ¬ ¼                                                       (5.5) 
Using this method, the effective strain at the surface and mid thickness layers for 
samples subjected to different rolling condition was calculated (Figs. 5-23 and 5-24).  
 
 
Figure 5-23: a-b) The shape of the initial vertical inserts after (a) 50% symmetric rolling and (b) 50% 
asymmetric rolling ; (c) The von Mises strain calculated in the current work using Eq. 5.5 with 
comparison to Sidor’s  method [249]. 
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The extent of shear component and effective strain dramatically reduces from 
the surface to the mid-thickness of the rolled sample, resulting in the operation of a 
limited number of slip systems (Figs. 5-9 and 5-10). This closely corresponds to the 
level of grain refinement (i.e. lath martensite fragmentation) observed in the transition 
and interior layers of the rolled sample in the current study. An increase in the level of 
strain enhances the extent of multiple slip systems activated throughout the thickness, 
promoting more grain refinement, as only UFG and transition layers are present at 
70% symmetric rolling reduction (i.e. no interior layer, Fig. 5-10). 
 
 
Figure 5-24: The von Mises strain and texture strength of different components for martensitic Ti-6Al-
4V alloy processed at different TMP conditions: a) symmetric rolling and b) asymmetric rolling. 
The deformation mode reveals a significant change in the characteristics of 
different layers and the extent of grain refinement in the current study (Figs. 5-11 and 
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5-12). The distinct difference in the grain refinement can be associated with the change 
in the level of deformation components (i.e. shear and plane strain compression) 
throughout the thickness. The asymmetric rolling process promotes an additional shear 
component compared with the symmetric rolling, which results from the difference in 
the velocity between the rolls with different radii [250]. As a result, the level of 
fragmentation of the microstructure becomes much greater throughout the thickness in 
comparison with the symmetric rolling for a given reduction (Figs. 5-9 to 5-12). 
5.4.3 Effect of deformation mode on texture evolution 
The current result reveals that the martensitic transformation texture is not stable 
during rolling at 800qC for all thermomechanical conditions. The texture development 
in Ti alloys is ascribed to a combination of active slip systems and twinning, which 
strongly depends on the thermomechanical parameters (i.e. deformation mode, 
reduction, thermal history and deformation temperature) as well as the microstructure 
constituents (i.e. solute content, second phase and grain size) [158].  
In symmetric rolling processes, the mid-thickness texture displays a typical hot 
rolling B+T texture in Ti-6Al-4V alloy for a thickness reduction of up to 70%  (Figs. 
5-18 a,b), as reported earlier [150, 200]. The presence of {0q, 90q, 30q} (i.e. T-texture) 
and {90q, 35q, 30q} (i.e. B-texure) components is a result of the operation of prismatic 
<a> and pyramidal <c+a>  to basal slip systems in Dc phase, respectively [150, 200].  
With an increase of compressive rolling strain, the T-component is weaker while the 
B-texture is relatively stronger (Fig. 5-21b) reflecting a relatively high activity of 
pyramidal <c+a> to basal gliding at higher rolling deformation. 
The surface layer texture at 50% symmetric rolling dramatically alters in 
comparison with the mid-thickness. In the (0002) pole figure, the B-texture is not 
visible while the T-texture revealed a weaker intensity. However, two split basal poles 
was found tilted ~30q from the ND towards TD, which can be viewed as a type of 
inclined R-texture. At 70% reduction, the surface texture further alters, revealing a 
typical {0001}<1120 > texture (C-texture). Significant texture differences between the 
surface and mid-thickness of rolled sample in the current study could be a result of: i) 
the presence of friction at the surface in contact with the roll, enhancing the shear strain 
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at the surface, and ii) temperature gradient through the thickness as the surface in 
contact with the cold roll has a lower temperature than the mid-thickness. The presence 
of greater effective strain and lower temperature at the surface may result in the 
activation of multiple slip systems, which promotes different texture components [200] 
at the surface compared with the mid-thickness in the symmetric rolling. In particular, 
the surface texture at 50% reduction with basal poles orientated closer to ND suggests 
that prismatic {1010}  and pyramidal {1011} <a> slip might be promoted through a 
complicated stress-strain mode at the surface layer, while the formation of surface C-
texture at higher reductions was mainly associated with the operation of an additional 
basal slip system.  
Deformation mode also promotes some changes in the overall texture 
characteristics. For 50% asymmetric rolling, the overall texture was similar throughout 
the thickness revealing three main texture components in the (0002) pole figure, 
similar to the surface texture at 50% symmetric rolling (Figs. 5-19 and 5-17c,d). As 
compared to the B+T type mid-thickness texture formed during 50% symmetric rolling, 
different texture characteristics were revealed as a result of additional shear strain 
introduced by asymmetric rolling at the same thickness reduction. For instance, the T-
texture component was weakened in asymmetrically rolled material with the increase 
of effective strain (i.e. from top to bottom surfaces). Moreover, the B-texture also 
presented distinct appearances: i) after 50% symmetric rolling, the B-type basal poles 
were symmetrically allocated with ~30Û angle from ND to forward and backward RD 
(i.e. ±RD). The basal pole in the forward rolling direction appeared as two R-type poles 
or a C-type pole tilted 10~20Û from ND towards +RD with orientation density 
enhanced with the effective strain. ii) The basal pole inclined to –RD still maintained 
as one pole B-type texture through 50% asymmetric rolling while its inclination angle 
from ND to –RD and texture intensity varies throughout the thickness of the rolled 
plate. This is consistent with the level of addition shear strain (İxz) and equivalent strain 
in total (Fig. 5-24). This is not too surprising as the material at the surface layer of 
symmetric rolling or throughout the thickness in asymmetric rolling experienced 
distinct stress mode in the forwards and backwards rolling direction having different 
orientation to the Į൏ lath. This resulted in the activation of different slip systems in the 
alpha phase which appeared as different textures as shown in the current study (Tables. 
2-6 and 2-7). It is noteworthy that the tilting angle of the conventional symmetric 
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rolling texture components was also reflected in {1120} pole figure, where the {1120} 
poles have an angle of ±5 to 20 degrees with RD. As a result, the maximum orientation 
density cannot be properly presented in the popular ODF sections of M2=0º and 30º.   
The mid-thickness texture at 70% reduction revealed a comparable global 
texture to the 50% asymmetric rolled specimen, while the maximum intensity was 
slightly higher as the texture has been reinforced with increasing the strain. However, 
the texture at both surfaces reveals different characteristics to the mid-thickness, most 
likely due to the deformation temperature and the extent of shear strain (Figs. 5-19 and 
5-20). The top surface layer exhibits a R-T or C-T texture, in accordance with its 
equivalent strain level and relatively less shear deformation at a lower deformation 
temperature (i.e. close to the cold smaller roll, Figs. 5-23,24). Whereas, at the bottom 
layer which is plastically deformed by extremely high shear and equivalent strain, 
more complicated B + T + tilted C texture was revealed. Firstly, a T-component was 
observed with a similar maxima to the other layers. This suggests that the T-component 
could not be suppressed even at a shear strain as high as ~10 (Fig. 5-23), unless other 
processing routes (e.g. cross rolling) are simultaneously operating as reported by 
Peters and Lütjering [150]. The T-texture intensity after 70% asymmetric rolling is 
close to that of 70% symmetric rolling but higher than that of surface textures in 50% 
asymmetric rolling (Figs. 5-24). This may due to the temperature change taking place 
through adiabatic heating. Indeed, the deformation may increase the temperature to 
such an extent that Į൏ĺĮ+ȕ or Įĺȕ occur during straining. According to Gey and co-
workers’ report [185], the secondary Į texture formed during the post-deformation 
cooling may contribute to the reinforcement of the T-texture component through the 
variant selection mechanism taking place in the martensitic transformation. Apart from 
this, an expected C-texture ~10° off from ND to +RD was also found after 70% 
asymmetric rolling. The inclination of C-texture would be a result of shear deformation 
introduced by the asymmetric rolling as previously reported for the asymmetric rolling 
of Zn and Mg alloys at room temperature [250-252]. Surprisingly, the B-texture was 
observed with two basal poles oriented about 45° and 40° from ND to ±RD, having 
relatively low intensity of 1.5 times random each. This can be associated with the <c+a> 
slip activation as a result of the different deformation mode. Generally speaking, 
despite some similarity between the symmetric rolling and asymmetric rolling textures, 
the presence of different deformation paths in the asymmetric rolling may also 
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contribute to the weakening of the overall texture strength compared with the 
symmetric rolling.  
5.4.4 Effect of deformation mode on mechanical behaviour 
The microstructures produced through the current thermomechanical approach offer a 
unique balance of mechanical properties, related to the ultrafine grain refinement of Į, 
texture characteristics, the presence of fine equiaxed ȕ phase and fracture mode. The 
grain refinement is a key approach to simultaneously enhance both strength and 
toughness of a material, as shown by the Hall-Petch relationship [5]. The strength in 
the current result corresponds well to the extent of grain refinement (i.e. thickness 
reduction) for a given warm deformation mode (Fig. 5-21). The texture developed in 
the asymmetric rolling comprises a tilted basal texture and a weakened T-texture. The 
inclination of the basal texture could contribute to the mechanical response, enhancing 
tensile elongation, low temperature bendability and cracking resistance [252], whereas 
the suppression of the T-texture improves the tensile ductility along the TD . 
In addition, the XRD results before and after tensile testing clearly show that the 
ȕ peak almost disappeared after fracture for all thermomechanical conditions (Fig. 5-
15). For instance, the (110)ȕ peak observed in the XRD patterns in the non-deformed 
conditions was not detected in the deformed samples. This suggests that the ȕ 
transforms to other phase/s on straining. The metastable ȕ can transform to martensite 
phase with different crystal structures (hexagonal, Į' [245, 263]  or orthorhombic, Į'' 
[57, 58]) on straining depending on its chemical composition. As the volume fraction 
of ȕ is small in the current study, no attempt was made to characterise the martensite 
crystal structure formed on straining. However, the EDXS analysis at 50% asymmetric 
rolling at 700qC shows that beta phase has an alloying composition of 18.7 wt.%V and 
3.2 wt.% Al (Fig. 5-16 and Table 5-1). Indeed, the equivalent Al can be calculated to 
be ~4.95 wt.% using an equation of [Al]eq =3.15Al+10(0.12O+0.01N+0.04C) (in wt%.) 
[34]. The equivalent composition of E for this TMP condition is similar to the chemical 
composition of metastable E phase transformed to orthorhombic Į'' through straining 
elsewhere [57, 58], known as strain-induced martensitic transformation (SIMT). 
Despite the similarity in the equivalent composition of the retained E in the current 
study, with a well-known metastable E phase transformed to orthorhombic structure 
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on straining, no conclusion can be made about the crystal structure of martensite 
formed during tensile testing here. In addition, no XRD peak was detected at the 
positions of (110)Į'' or (020)Į'' representing the orthorhombic martensite [263], which 
may be due to its small volume fraction. Therefore, further work is required to clarify 
the crystal structure of the martensite formed on straining in the current condition.  
The strain-induced martensitic transformation may continuously form additional 
hard planar obstacles against dislocations during the deformation process. This 
phenomenon enhances the work-hardening rate, simultaneously increasing the 
strength and postponing the necking (i.e. higher ductility). This is, indeed, similar to 
the Transformation-Induced Plasticity effect (i.e. TRIP) observed in advanced bainitic 
steels containing retained austenite [264].  
In addition, the microstructures produced through the current TMP significantly 
alter the fracture mode. The fracture surface characteristics of the as-quenched 
martensite reveals an intragranular brittle fracture, revealing fracture along the lath 
interfaces. This results in a low fracture toughness or ductility (Figs. 5-21 and 5-22). 
A similar observation was reported elsewhere for a Ti-6Al-4V alloy with a fine 
lamellar structure obtained through relatively slow cooling [1]. The grain refinement 
appears to change the fracture mode from intragranular brittle to ductile inter-
crystalline dimple mode, as observed in the 70% asymmetric rolling condition (Fig. 5-
22). This type of fracture mode normally corresponds to higher fracture toughness [1]. 
Generally, the voids are initiated at the peak stress and gradually evolve into dimples 
through further plastic deformation. The formation of dimples enhances the ductile 
fracture mode, corresponding to the relative high post uniform elongation, as observed 
in specimens mostly fragmented into an equiaxed grained structure (e.g. 70% 
asymmetric rolled sample, Figs. 5- 20a and 5-22). 
5.5 Conclusions 
An approach to fabricate bulk ultrafine-grained titanium alloy was developed in this 
chapter by conventional symmetric and novel asymmetric rolling at 800°C under 
different TMP conditions. The microstructure, texture and mechanical behaviour 
corresponding to different rolling reduction and deformation mode were discussed. 
Chapter 5. Bulk UFG Ti-6Al-4V alloy produced by symmetric and asymmetric rolling of a… 
- 138 - | P a g e  

i. The phase transformation path (i.e. cooling rate) did not change the overall 
texture characteristics, showing two main texture components with Euler 
angles of (90°, 90°, 0°) and (90°, 30°, 0°) in the (0002) pole figure. 
However, the martensitic transformation weakened the variant selection, 
resulting in weaker texture compared with the texture of lamellar Į+ȕ 
microstructure formed through slow cooling. 
 
ii. The warm rolling of the martensitic structure led to different layer 
morphologies throughout the thickness of rolled specimen: surface layer, 
transition layer and interior layer. These layers were featured by the 
differences in the extent of microstructural fragmentation (i.e. volume 
fraction of equiaxed ultrafine grains). Moreover, the thickness and position 
of these layers strongly depended on the thermomechanical processing 
conditions (i.e. reduction and deformation mode).  
 
iii. The extent of martensitic lath fragmentation was enhanced by the 
asymmetric rolling compared with the symmetric rolling for a given 
thermomechanical condition.  A fully equiaxed ultrafine grained structure 
was successfully produced through 70% asymmetric rolling of a martensite 
starting microstructure at 800°C in the current study. The final 
microstructure was composed of equiaxed grains with a mean size ranging 
from 170–230 nm mostly surrounded by high angle grain boundaries. 
 
iv. The ultrafine grained microstructure contained fine equiaxed beta grains, 
mostly located on D grain boundaries. The formation of fine beta phase was 
associated with the strain induced Į'ĺD+ȕ reverse transformation and/or 
decomposition of martensite. The stability of E phase depends on the 
concentration of E stabilizers (i.e. V), which is strongly governed by the 
thermomechanical parameters.  
 
v. The texture measured at different thicknesses for the 50% and 70% 
symmetric rolled specimens displayed a variety of texture components 
from transverse to basal. The characteristics of the final texture were related 
to the level of effective strain and deformation complexity (i.e. TMP 
condition), affecting the activation and development of different slip 
systems and twinning. The basal texture component was displaced from 
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ND towards RD as a result of shear defamation during asymmetric rolling. 
The formation of this kind of unique texture is expected to enhance the low 
temperature bendability and cracking resistance at the asymmetric rolling 
condition. 
 
vi. The grain refinement through the current thermomechanical processing led 
to a superior balance of strength and ductility. The exceptional mechanical 
properties were ascribed to the formation of ultrafine grained structure, 
texture characteristics, transformation of ȕ phase on straining and change 
in the facture mode.  
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Chapter 6 
Post-deformation annealing behaviour of an 
ultrafine grained Ti-6Al-4V alloy: 
microstructure and texture evolution 
6.1 Introduction 
As demonstrated in Chapters 4 and 5, a fully equiaxed UFG structure can be fabricated 
in the Ti6-Al-4V alloy through thermomechanical processing of a fine martensitic 
starting structure. The final grain size and extent of UFG formation was significantly 
dependent on the thermomechanical parameters (e.g. strain, strain rate and 
deformation temperature) and deformation mode (e.g. shear and/or compression). As 
a result, partial to full UFG microstructures can be observed in the interior and surface 
layers of as-rolled specimens, respectively. This microstructure offered a combination 
of enhanced strength and ductility, which can potentially broaden its application. 
Besides the mechanical stability at room temperature, the thermal stability is also 
of critical significance for this alloy, which is illustrated by the outstanding 
superplastic formability and specific strength at elevated temperatures. In addition, for 
the Ti-6Al-4V alloy, the post-deformation annealing treatment is also a popular 
complementary processing route to produce a fully equiaxed fine microstructure [92]. 
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Early efforts on post-deformation annealing have been dedicated to the 
microstructure and texture evolution of cold rolled CP Ti alloy with a single alpha 
phase structure [212, 214] and hot rolled Ti-6Al-4V alloy having a lamellar Į+ȕ 
microstructure [92, 216]. Principally, the former cold rolled CP Ti alloy undergoes a 
two-stage recrystallization process (i.e. nucleation followed by subsequent grain 
growth) throughout the course of annealing. The resultant recrystallization textures are 
substantially different from its rolling texture [212, 214]. In comparison, the post-
deformation annealing of hot rolled lamellar Ti-6Al-4V alloy usually involved the 
recrystallization of predominant Į lamellas, through default termination or diffusional 
penetration of ȕ phase into pre-existing Į-Į interphases. During this process, both basal 
and transverse components of the hot rolled Į texture were quite stable throughout 
annealing, as only slight texture sharpening was observed [150, 170, 171, 200, 216, 
265]. 
In general, the post-deformation annealing behaviour of Į+ȕ Ti-6Al-4V alloy is 
more complicated than CP Ti alloy, not only due to the presence of ȕ phase, but also 
resulting from multiple diffusion of solute elements (e.g. Al and V) in both of the hcp 
and bcc matrix [266, 267]. Regarding the UFG Ti-6Al-4V alloy fabricated by warm 
rolling in the current study, which has a supersaturated martensitic structure, the 
annealing mechanism can be even more complicated. This is mainly due to its distinct 
deformation history, initial texture, microstructure (e.g. grain morphology, phase ratio 
and dislocation density) and a non-equilibrium phase composition. For instance, the 
dislocation density in the microstructure can be enhanced together with the amount of 
high angle grain boundaries, as the UFG microstructure in the current TMP approach 
was formed through a CDRX mechanism [217], similar to prevailing approaches such 
as severe plastic deformation (SPD) [48, 107]. This type of microstructure may 
promote the driving force for grain growth [46].  
For the Ti-6Al-4V alloy, although successful trials of UFG production have been 
reported using different approaches [24, 27, 151] and the mechanical property of UFG 
Ti-6Al-4V alloy was examined in several works, there is limited studies on the post-
deformation annealing behaviour of this type of microstructure[23]. In particular, no 
attempt has been made to investigate the evolution of microstructure and texture during 
post-deformation annealing in the literature. 
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The aim of this work is to evaluate the annealing behaviour of the UFG structure 
formed through warm deformation of a Ti-6Al-4V martensitic alloy. This study will 
comprehensively investigate the evolution of microstructure, texture and mechanical 
response (i.e. micro-hardness) of the as-rolled UFG structure throughout the thickness 
as a function of annealing time.  
6.2 Experimental procedure 
A Ti-6Al-4V alloy sheet with cross-sectional dimension of ~1.8×30 mm2 was used for 
the current study. The material was produced by 70% symmetric rolling of a 
martensitic starting microstructure at 800°C, followed by water quenching. As 
discussed in Chapter 5, there were three regions throughout the thickness of the rolled 
sample: surface, transition and interior layers. Here, we primarily studied the effect of 
post-deformation annealing on the evolution of microstructure at the surface and 
interior regions (Figs. 6-1). The former consisted of fully equiaxed ultrafine grains and 
very fine beta grains (Figs. 6-1a,b). The latter was partially transformed to equiaxed 
alpha grains and some partially fragmented alpha laths were still present in this region 
(as shown by orange arrows in Figs. 6-1c,d). The as-rolled specimens were subjected 
to heat treatment at different temperatures (i.e. 700qC or 800°C), in a tube furnace with 
an argon atmosphere for different holding times up to 16 hr. Subsequently, the 
specimens were water quenched immediately for further mechanical, microstructural 
and texture analysis. 
Both conventional X-ray diffraction (e.g. 2-theta scan) and macroscopic texture 
measurement were implemented on the samples annealed at 800qC. Square blocks of 
~30×30 mm2 were sectioned for the texture measurement of the specimens at different 
thermomechanical conditions. The XRD measurement was conducted from both the 
surface layer (~0.3 mm to the surface) and the mid-thickness section in the RD-TD 
plane, respectively. It should be noted that the orthorhombic sample symmetry and 
equal area projection were utilized for the plotting of texture results, which restricted 
the Bunge Euler space of the hexagonal material to a region of { ĳ1=0-90°, ĭ=0-90°, 
ĳ2=0-60°} [158]. The orthorhombic symmetrization was carefully performed to  
ensure that the symmetrized ODF and pole figures were consistent with the as-
measured texture results [246]. 
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Figure 6-1: EBSD band contrast maps (a, c) and SEM-AsB images (b, d) of the surface (a, b) and interior 
(c, d) microstructures for the Ti-6Al-4V alloy symmetrically rolled to 70% at 800°C. Black, red and 
white lines in (a, c) represent grain boundaries with misorientation angle (T) greater than 15°, 5°<T15°, 
and 2°<T5°, respectively. The ȕ phase is shown in blue in (a,c) and also donated by the solid white 
arrows in (a-d). The open orange and blue arrows refer to the retained Į laths and Į boundaries free of 
ȕ phase, respectively. ND and RD represent normal and rolling direction, respectively.  
The microstructure characterization was performed on the RD-ND plane using 
SEM-AsB imaging and EBSD techniques. EBSD was performed using a step size of 
either 50 or 100 nm, depending on the final grain size. The AZtecHKL software 
(Oxford Instruments, UK) was used for data acquisition and post-processing. 
Microhardness measurement was performed using a hardness-testing machine with a 
Vickers type indenter.  
6.3 Results 
Prior to the annealing treatment, the surface layer of the as-rolled material principally 
consisted of equiaxed Į grains with an average size of ~246 nm (Figs. 6-1a,b), mainly 
enclosed by high angle grain boundaries (HAGBs). In addition, very fine ȕ grains were 
locally found at the triple junctions of Į grain boundaries (shown by white arrows in 
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Figs. 6-1a,b). It should be noted that the beta grains were only partially indexed 
through conventional EBSD techniques, as they were small in comparison with the 
spatial step size (i.e. 50 nm) [151]. However, the morphology of beta phase could be 
identified in the SEM-AsB images (Figs. 6-1b,d), where the beta phase enriched by 
the heavier Vanadium element appeared as a light colour due to the atomic number 
(i.e. Z) contrast. It is also worth emphasising that some Į boundaries were free of ȕ 
phase in the as-rolled condition (as shown by blue arrows in Figs. 6-1b,d). In contrast, 
the interior layer at mid-thickness was characterised by the coexistence of equiaxed 
ultrafine grains and partially fragmented alpha laths elongated along the RD (Figs. 6-
1c,d). The beta phase, correspondingly, appeared in two kinds of morphologies: some 
beta films were found between elongated alpha plates in addition to the triple junctions 
of alpha boundaries. As discussed in Chapter 5, the presence of different 
microstructural features throughout the thickness of the as-rolled sample was 
attributed to the difference in the strain accumulation and deformation mode in the 
surface and interior layers. The latter mainly experienced compressive plane strain 
while the former was subjected to a combination of compressive strain and shear strain 
due to the friction between the rolls and sheet surface.  
6.3.1 Mechanical response 
Upon post-deformation annealing at 700°C or 800°C followed by water quenching, 
the Ti-6Al-4V alloy revealed different microhardness changes throughout the 
thickness (Fig. 6-2). At 700°C, the hardness of the interior layer dropped slightly at an 
early stage of annealing, from ~397 HV in the as-rolled condition to ~388 HV after 
300 s holding time (Fig. 6-2a). The hardness reduction became more obvious with 
holding time, reaching ~353 HV at 16 hr. At the surface layer, the hardness drop with 
holding time was much greater than the interior layer. In addition, the surface hardness 
became lower than the interior layer at all annealing times, although the initial hardness 
of the surface was slightly higher than the interior for the as-rolled condition. The 
surface hardness became nearly constant beyond 8 hr holding time, approaching 
approximately 341 HV. At 800°C, the rate of hardness drop was more pronounced for 
both surface and interior layers. Similar to 700°C annealing, the surface layer revealed 
lower hardness compared with the interior for a given holding time. The surface 
hardness eventually reached a minimum value of ~315 HV at 8 hr. This condition was 
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viewed as the fully softened state in the current study to estimate the softening fraction 
of material for different post-deformation annealing conditions. 
 
 
Figure 6-2: The Vickers hardness and softening fraction of the Ti-6Al-4V alloy specimen after 
annealing at (a) 700°C and (b) 800°C for different times followed by water quenching. An annealing 
time of 1s was estimated for the as rolled specimen followed by air cooling for ease of plotting on the 
Log scale. 
The extent of hardness reduction can be qualitatively represented through the 
softening fraction, described by Fsoft = (Hi - Ht)/(Hi - Hf), where Hi, Ht and Hf are the 
hardness of the as-rolled (i.e. ܪூ=399.7 HV), annealed for a time of t and fully softened 
conditions (i.e. ܪ௙=314.7 HV), respectively. In contrast to the hardness, the softening 
fraction increased with holding time for both annealing temperatures (Fig. 6-2). In 
general, the softening fraction was greater for all annealing times at the surface layer 
compared with the interior for both heat treatment conditions. At 800°C, the surface 
layer was fully softened (i.e. 100% softening) after a holding time of 8 hr, while the 
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maximum softening at the interior layer dropped to only ~89% even after a much 
longer holding time of 16 hr (Fig. 6-2b). At 700°C, the extent of softening was much 
lower compared with the 800°C annealing condition, showing maximum softening of 
69% and 54% for the surface and interior layers, respectively (Fig. 6-2b). 
6.3.2 Grain structure  
Throughout the post-deformation annealing treatment at 800°C, the surface and 
interior layers revealed significant microstructural changes with time (Figs. 6-3 and 6-
5). At an early stage of post-deformation annealing, the average Į grain size of the 
surface layer increased remarkably from ~210 nm for the as-rolled condition to 
~580 nm after 60 s holding (i.e. a grain coarsening rate of ~6.17 nm/s).The average 
grain size increased progressively with an increase in the annealing time, reaching a 
maximum size of ~3.1 Pm at 16 hr. During this process, the rate of grain coarsening 
gradually declined with time, attaining ~0.05 nm/s at a late stage of annealing (i.e. 
between 2 to 8 hr holding), which was ~120 times slower than the early stage. 
In addition, the population of ȕ-free Į grain boundaries gradually decreased with 
holding time. In the meantime, the ȕ volume fraction progressively increased, covering 
most Į grain boundaries (Figs. 6-3 and 6-5a). The current annealing treatment led to a 
2ɽ angle shift for both Į and ȕ phase (Fig. 6-5) with annealing time, suggesting a 
variation of lattice parameter as a result of solute elements partitioning. The maximum 
beta fraction was ~10% at a holding time of ~8hr, beyond which the beta phase volume 
fraction reduced with further holding time. It appeared that the ȕ phase partially 
transformed to the secondary alpha/martensite at a holding time of greater than 8 hr 
(Figs. 6-3c and 6-5a). 
The interior layer showed a similar behaviour to the surface layer, although the 
rate of microstructural changes was slightly slower (Figs. 6-4 and 6-5b). Similarly, the 
initial stage of annealing resulted in an increase of the average grain size from ~250 nm 
for the as-rolled condition to ~500 nm at 60 s holding time (Figs. 6-4a,d), which was 
smaller than the surface layer grain size at the same holding condition (i.e. ~580 nm, 
Figs. 6-3a,d). The elongated alpha grains were no longer observed in the interior layer 
beyond 30 min holding time and the microstructure became fully equiaxed alpha 
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grains (Figs. 6-4b,c). At the maximum holding time of 16 hr, the average grain size 
reached ~2.5 Pm, showing the annealed-to-as-rolled ratio of ~10. The maximum beta 
fraction was obtained at ~2 hr (i.e. ~9%). Similar to the surface layer, the secondary 
alpha/martensite appeared in the microstructure at a prolonged holding time (i.e. 
beyond 2 hr), replacing the beta phase (Fig. 6-4c).  
 
Figure 6-3: The surface microstructures of the Ti-6Al-4V alloy after annealing at 800°C for (a) 1 min, 
(b) 1 hr and (c) 16 hr followed by water quenching. The solid white arrows in (a-c) and open white 
arrows in (c) refer to the ȕ and secondary alpha phases, respectively. The blue open arrows denote Į 
boundaries free of ȕ phase. ND and RD represent the normal and rolling direction, respectively. d) The 
mean grain size of alpha (GSĮ) and beta phase (GSȕ) for the Ti-6Al-4V alloy as a function of annealing 
times at 800°C. The volume fractions of ȕ phase (Volȕ) and secondary alpha/martensite phase (VolĮ') 
measured from EBSD band contrast images are also shown in (d). The dash line in (d) represents the 
calculated equilibrium ȕ fraction of the Ti-6Al-4V alloy at 800°C.  
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Figure 6-4: The interior microstructures of the Ti-6Al-4V alloy after annealing at 800°C for (a) 1 min, 
(b) 1 hr and (c) 16 hr followed by water quenching. The solid white arrows in (a-c) and open white 
arrows in (c) refer to the ȕ and secondary alpha phases, respectively. The blue open arrows denote Į 
boundaries free of ȕ phase. ND and RD represent the normal and rolling direction, respectively. d) The 
mean grain size of alpha (GSĮ) and beta phase (GSȕ) for the Ti-6Al-4V alloy as a function of annealing 
times at 800°C. The volume fractions of ȕ phase (Volȕ) and secondary alpha/martensite phase (VolĮ') 
measured from EBSD band contrast images are also shown in (d). The dash line in (d) represents the 
calculated equilibrium ȕ fraction of the Ti-6Al-4V alloy at 800°C. 
 
Figure 6-5: XRD patterns of the Ti-6Al-4V alloy specimens measured at the (a) surface and (b) interior 
layers for the as-rolled and the annealed conditions after different holding times followed water 
quenching. 
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6.3.3 Texture evolution  
Distinct textures were revealed in the surface and interior layers (Figs. 6-6 to 6-9). The 
surface texture was comprised of a major basal texture component with the c-axis 
parallel to ND (i.e. C-texture, characterized by the Euler angles of {0°, 0°, 0°}), a 
relatively weaker transverse component with (0002) poles tilted towards TD (i.e. T-
texture, corresponding to the Euler angles of {0°, 90°, 0°}) and other orientations 
mainly having c-axis spreading from ND towards TD (Figs. 6-6b and 6-7b). In the 
(0002) pole figure, the C-component had a maximum intensity of ~10.4 times random, 
whereas the T-component was characterized by a texture strength of 2.3 times random. 
With respect to the interior layer (Figs. 6-8b and 6-9b), the basal component exhibited 
two poles in the (0002) pole figure, which were tilted ~30° from ND towards ±RD, 
respectively (i.e. B-texture). The c-axis was oriented to TD for the transverse 
component (i.e. T-texture), which was similar to the surface counterpart. However, 
this does not mean that they are the same textures. Indeed, the B and T components 
shared a {1010}  plane normal parallel to RD for the interior layer corresponding to 
the Euler angles of {90°, 30°, 30°} and {0°, 90°, 30°}, respectively. In the (0002) pole 
figure, they had an individual texture index of ~2.2 and ~1.7 times random, 
respectively. This type of B+T texture is common for Ti-6Al-4V alloy 
thermomechanically processed in the Į+ȕ phase region [1]. 
Upon annealing at 800°C, distinct texture changes took place within these two 
layers (Figs. 6-6 to 6-9). For the surface texture, the (0002) pole figure revealed that 
the basal pole gradually contracted from TD towards ND. Meanwhile, the texture 
slightly deviated from ND towards RD with holding time (Figs. 6-6 and 6-7). In 
addition, the strength of the basal and transverse components decreased progressively, 
from 10.4 and 2.3 times random for the as-rolled condition to 7.6 and 1.4 times random 
after an annealing time of 8 hr, respectively. Indeed, a new texture component was 
observed, having the Euler angles of {0°, 0°, 30°} at the expense of continuous 
consumption of pre-existing {0°, 0°, 0°} and {0°, 90°, 30°} texture components (Figs. 
6-6 and 6-7). This was also reflected by their volume fraction change along with 
annealing time (Fig. 6-10a): the fraction of {0°, 0°, 0°} and {0°, 90°, 30°} components 
decreased continuously from 35% and 6% for the as-deformed condition to ~15% and 
3% after 8 hr hold, while the weight of the {0°, 0°, 30°} component progressively 
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increased from 10% to ~18% at the same time, surpassing the {0°, 0°, 0°} component 
after a 2 hr hold time.  
 
Figure 6-6: (a) Representation of the surface texture components in (0002), {1120}  and {1010}  pole 
figures. (b-f) The surface texture of (b) the as-rolled Ti-6Al-4V and specimens after annealing at 800 
°C for (c) 5 min, (d) 30 min, (e) 2 hr and (f) 8 hr, followed by water quenching. The symbols *,  and 
¸ represent different texture components with the Euler angles of {0°, 0°, 0°}, {0°, 0°, 30°} and ~{0°, 
90°, 0°}, respectively. 
 
Figure 6-7: (a) Representation of the surface texture components in the ODF section of ĳ1=0°. (b-f) The 
surface texture of (b) the as-rolled Ti-6Al-4V and specimens after annealing at 800 °C for (c) 5 min, (d) 
30 min, (e) 2 hr and (f) 8 hr, followed by water quenching. The symbols *,  and ¸ represent different 
texture components with the Euler angles of {0°, 0°, 0°}, {0°, 0°, 30°} and ~{0°, 90°, 0°}, respectively. 
Regarding the interior layer, the texture changes were less pronounced compared 
with the surface layer (Figs. 6-8 and 6-9). The annealing process mainly revealed a 
slight strengthening of both the basal and transverse texture components up to a 
holding time of ~2 hr at 800°C. The texture strength of the B and T components in the 
(0002) pole figure increased continuously from 1.6 and 2.34 times random, for the as-
rolled condition, to about 2 and 2.91 times random after a 2 hr hold, respectively. 
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However, a significant texture weakening was observed beyond 2 hr holding time, 
which is most likely due to the formation of secondary alpha/martensite at the expense 
of beta phase, as discussed above (see Figs. 6-3 to 6-5). Interestingly, no significant 
change appeared in the overall texture (i.e. no new texture component was observed, 
Figs. 6-8 and 6-9).  
 
Figure 6-8: (a) Representation of the interior texture components in (0002), {1120}  and {1010}  pole 
figures. (b-f) The interior texture of (b) the as-rolled Ti-6Al-4V and specimens after annealing at 800 
°C for (c) 5 min, (d) 30 min, (e) 2 hr and (f) 8 hr, followed by water quenching. The symbols ǻ and ۨ 
represent different texture components with the Euler angles of ~{90°, 30°, 30°} and {0°, 90°, 30°}, 
respectively. 
 
Figure 6-9: (a) Representation of major texture components in the ODF section of ĳ2=30°. (b-f) The 
interior texture of (b) the as-rolled Ti-6Al-4V and specimens after annealing at 800 °C for (c) 5 min, (d) 
30 min, (e) 2 hr and (f) 8 hr, followed by water quenching. The symbols ǻ and ۨ represent different 
texture components having the Euler angles of ~{90°, 30°, 30°} and {0°, 90°, 30°}, respectively. 
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Figure 6-10: (a) The volume fraction of different texture components as a function of annealing time 
for the surface (a) and interior (b) layers, respectively. 
6.4 Discussion 
6.4.1 Grain structure evolution  
In the current study, the starting ultrafine grained material in the as-rolled condition 
was converted into relatively coarse grains mostly free of dislocations, resulting in a 
pronounced hardness decrease with increasing annealing time (Fig. 6-2). A 
temperature-compensated time concept for the tempering hardness was introduced by 
Hollomon and Jaffe [268] , which can be expressed as: 
> @0 exp '/t t Q RT                                                                                          (6.1) 
or 
0' 2.3 (log log )Q RT t t                                                                                 (6.2) 
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where t, T, 'Q  and R are the time, temperature, apparent activation energy for 
tempering and gas constant, respectively. According to Hollomon and Jaffe [268], the 
tempering hardness H can be written as a function of tempering parameter P (i.e. 
Hollomon-Jaffe Parameter),  
( )H f P                                                                                                       (6.3) 
where P is defined as 
(log )P T t C                                                                                               (6.4) 
and 0logC t  is the Hollomon-Jaffe constant dependent on the composition and state 
of the material. In the current study, C was determined by fitting of hardness at 
different temperatures and times (Fig. 6-11).  
 
Fig. 6-11: Hardness vs time-temperature parameter for tempering the as-rolled Ti-6Al-4V alloy. 
Constant=15, Time in seconds, Temperature in deg. K 
          The apparent activation energy for tempering, 'Q  is given by  
' 2.3Q RP                                                                                                      (6.5) 
where P  is the average of the Hollomon-Jaffe parameters. The 'Q  value was 
calculated to be 363 kJ·mol-1 using the C value of 15. The apparent activation energy 
for the annealing of Ti-6Al-4V alloy is much higher than that of pure titanium (i.e. 240 
kJ·mol-1 [212]). By comparing the microhardness and/or softening fraction results at 
700°C and 800°C for different annealing times (Fig. 6-3), the time-temperature (t-T) 
equivalence relationship can also be described as [212]:  
> @2 1 2 1/ exp '(1 / 1 / ) /t t Q T T R                                                                       (6.6) 
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The rate of material softening upon annealing at 800°C is ~67 times faster than that at 
700°C, suggesting that the restoration processes are significantly enhanced with an 
increase of tempering temperature. 
The current observation suggests that the deformed microstructure experiences 
complex restoration mechanisms during the post-deformation annealing. One of the 
complexities arises from the presence of ultrafine equiaxed Į grains (i.e. ~300 nm on 
average, Fig 6-1) in the as-deformed condition, which would be expected to be very 
close to the critical size of statically recrystallized nuclei. This, indeed, makes it 
difficult to conclude to what extent the deformed structure undergoes static 
recrystallization, if any, or whether the Į grains only experienced grain growth (i.e. 
metadynamic recrystallization).  
The Į grain growth kinetics in the current study (Figs. 6-3d and 6-4d ) are much 
slower than a cold-rolled commercial-purity Ti alloy, previously reported by others 
[20], subjected to an equivalent post-deformation annealing treatment to the current 
study (i.e. equivalent annealing temperature of 0.85Tȕ ).  
The mean grain size of alpha phase (D) as a function of isothermal annealing 
time (t) at a temperature of T could be described as [269]: 
0
nD D Kt                                                                                                                (6.7)  
where 
0 exp( ''/ )K K Q RT                                                                                                (6.8)  
and, D0 is the initial grain size, n is the time exponent, K0 is a constant, R is the gas 
constant and Q'' is the activation energy for grain growth.  
The time exponent n is indeed a function of solution concentration, interfacial 
energy and atomic diffusion. For multi-phase metals, the value is dependent on both 
temperature and phase ratio [267]. n can be computed in a range of 0.1 to 0.5 
experimentally and correlated with different controlling mechanisms of grain 
coarsening. Specifically, a value of 0.2, 0.25, 0.33 and 0.5 corresponds to diffusion via 
dislocation cores, along grain boundaries, through lattice or across a particle matrix 
interface, respectively.  
In the current work, the grain growth exponent value n was obtained by plotting 
of Dq-D0q vs t-t0 using the value of q (q=n-1) equals to 1-5. A linear relationship was 
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found when q=3 (Fig. 6-12). The n value of 0.33 for the grain growth kinetics of the 
Ti–6Al–4V alloy is consistent with the coarsening kinetics for a similar UFG Ti–6Al–
4V alloy annealed at 900-955°C [270]. In addition, an exponential value of n=~0.2 
was reported for static grain growth of an Į+ȕ Ti-Al-4V alloy tempered in the 
temperature range of 875-925°C [267], whereas the growth exponent ranges from 0.3 
at 700°C to 0.45 at 800°C for an alpha  pure titanium [271], most likely due to different 
diffusional route paths. The material used in the current work was consisted of more 
than 85% Į phase plus fine ȕ distributed throughout the microstructure. Therefore, the 
n value indicates a classical particle-stabilized coarsening kinetics [270, 272]. 
 
Fig. 6-12: Plot of Dq-D0q vs t-t0 for tempering the as-rolled Ti-6Al-4V alloy using q=3. 
The activation energy for grain coarsening (Q'') could be computed using an 
Arrhenius plot of ln[(D3-D03)/t] vs 1/T. However, the Q'' was not calculated here as the 
data was not available at 700°C. Nevertheless, a Q'' value of 250 kJ·mol-1 was reported 
for a Ti-6Al-4V alloy [267], which is much higher than that of pure titanium (~100-
204 kJ/mol [213, 271, 273]). This difference may reflect distinct diffusion mechanisms 
during annealing. For example, the diffusion possibilities in an Į+ȕ titanium alloy may 
include three species (Ti, Al, and V), two different lattices (hcp and bcc), pipe diffusion 
through each of these lattices, phase boundaries (Į/Į, Į/ȕ, ȕ/ȕ), and triple junction 
boundaries, any of which could be the regulating factor in the coarsening process 
[267]. 
It is known that the self-diffusion rate in hcp Į titanium is approximately three 
orders of magnitude slower than that of bcc ȕ titanium [1]. For the ternary Ti-6Al-4V 
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alloy, the diffusivity of Al and V was found to be close to that of self-diffusion of 
titanium in the equilibrium composition of ȕ phase at a given temperature[180, 270]. 
It is claimed that the coarsening process of Ti-6Al-4V alloy in the high temperature 
end of Į+ȕ phase regime is controlled by bulk diffusion (most likely V diffusion) 
through the ȕ matrix [180, 270]. However, the presence of very mobile vacancy-
impurities (e.g. Fe) can significantly enhance the diffusion rates of substitutional 
alloying elements (e.g. Al [1]) and self-diffusion in the matrix [274] to a level 
comparable to ȕ diffusivities. In addition, the self-diffusion in hcp titanium could be 
predominated by the grain boundary (GB) diffusion whose activation energy (i.e. 187 
kJ/mole) is only ~62% of that required for bulk diffusion [275]. Regarding the current 
study, the coarsening mechanisms of bulk ȕ diffusion and Į diffusion could operate 
concurrently during tempering of the UFG Ti-6Al-4V at 800°C. This is mainly due to 
the small volume fraction of ȕ phase (i.e. 15%) and dominance of Į/Į grain boundary 
for the as-rolled condition. The effect of bulk ȕ diffusion on Į coarsening kinetics is 
expected to become more remarkable with the increase of ȕ volume fraction through 
precipitation and diffusional growth. 
At an early stage of the annealing process, alpha grain coarsening can be 
observed locally in the beta-lean regime (ȕ-free Į boundaries, Figs. 6-3a and 6-4a). 
This suggested that the migration of Į/Į grain boundaries can be accomplished 
independently through substitutional diffusion or self-diffusion in the Į phase and may 
not necessarily involve the participation of Į/ȕ boundaries. However, there is 
continuous redistribution of alloying elements (i.e. rejection of V from Į phase) and 
precipitation of beta phase mostly on Į grain boundaries during annealing. The 
continuous precipitation of beta phase is facilitated by rearrangement of 
dislocations/defects, as the stored energy (i.e. dislocation density) can transform into 
chemical potential energy. Indeed, the volume fraction (i.e. number and size) of beta 
phase continuously increases with annealing time. It would, therefore, be expected that 
the presence of beta phase on the Į boundary retards its mobility, either through 
pinning [46] or by altering the boundary curvature [276]. This is much more obvious 
at the late stage of the annealing treatment, where the beta fraction becomes close to 
the equilibrium condition (Figs. 6-3 and 6-4). The solute drag effect may also 
contribute in the retardation of grain boundary mobility in Ti-6Al-4V alloy compared 
with pure titanium [265]. The introduction of a second phase is widely employed to 
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control the recrystallization process and produce fine grained structure in two-phase 
alloys (e.g. Į+ȕ brass, Į+Ȗ iron and Į+ȕ titanium alloys) [272].  
It appears that the kinetics of softening in the surface layer (i.e. fully UFG) are 
qualitatively different from the interior layer, where the structure consisted of UFG 
and partially fragmented Į laths. This difference, indeed, arises from the distinct 
microstructure characteristics in the as-rolled condition for both layers. Interestingly, 
the partially fragmented laths are gradually being replaced by an equiaxed grain 
structure during post-deformation annealing and the interior layer becomes a fully 
equiaxed structure after 1 hr. This suggests that this region may locally undergo static 
recrystallization as the elongated morphology is converted to a dislocation-free 
equiaxed structure. 
6.4.2 Texture Evolution 
The texture analysis in the current work only focuses on the dominant alpha phase. ȕ 
texture is not examined due to its relatively small volume fraction, especially in the as-
deformed condition. The overall texture is qualitatively similar for all annealing 
conditions in the current study, especially for the interior layer. This is not surprising 
as it is well known that the deformed texture is quite stable upon post-deformation 
annealing of Į+ȕ titanium alloys such as Ti-Al-4V [150, 200]. For example, no 
significant texture change was observed in a warm rolled Ti-Al-4V alloy after 
annealing at 800°C for 96 hr [150] .  
Despite the preserved overall texture characteristics throughout the thickness 
during post-deformation annealing, some changes are observed in the surface layer 
texture with holding time, mainly showing a gradual strengthening of the (0°, 0°, 30°) 
component at the expense of the (0°, 0°, 0°) and (0°, 90°, 0°) components. The texture 
evolution can be a result of phase transformation and/or preferred grain growth of 
specific orientation/s. 
As discussed earlier, the volume fraction of beta phase continuously increases 
with the holding time, which reduces its stability due to lowering of the V 
concentration. This results in the beta to martensite phase transformation on quenching 
beyond 2 hr holding time in the current study. As discussed in Section 5.4.1, the 
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martensitic phase transformation follows the Burgers orientation relationship, 
enhancing two main (90°, 90°, 0°) and (90°, 30°, 0°)  orientation components. 
However, the strength of these orientations is not strong in the overall texture. This 
suggests that the volume fraction of martensite is not high enough to influence the 
overall texture. In addition, the main texture changes are observed at a holding time of 
less than 2 hr, where the beta phase is mostly stable (i.e. no martensitic phase 
transformation).  
The main change in the surface texture is attributed to a 30° rotation around the 
c-axis for the initial dominating basal texture from the {0001} 1120 !  to the {0001}
10 10 !  orientations. To the best of our knowledge, this type of texture alteration has 
not been reported for Ti-6Al-4V alloy before. However, an opposite 30° rotation 
around the basal poles, turning the pole parallel to RD from 10 10 !  to 1120 ! , is 
well known as the recrystallization texture for cold rolled CP titanium [212, 277]. The 
orientation rotation has been attributed to the preferred nucleation and growth of grains 
with a particular orientation characterized by high stored energy governing the final 
texture [212, 214]. For the current study, the observed texture evolution at the surface 
layer is most likely a result of preferred growth/nucleation orientation/s upon 
annealing, rather than texture induced by the martensitic phase transformation. 
Generally speaking, the annealing behaviour of primary alpha phase at 800°C in 
the current study is somewhat similar to the post-deformation annealing of a Ni-30Fe 
austenitic steel through the metadynamic recrystallization mechanism (i.e. growth of 
DRX grains) [278], where the initial texture was similarly preserved throughout the 
annealing process. However, there are some differences between MDRX mechanism 
and the present observations. Here, there is continuous precipitation of beta phase, 
mostly on grain boundaries and triple junctions, with holding time, which significantly 
retards the grain growth behaviour compared with pure titanium [212]. Despite the 
presence of a second phase,  the maximum annealed-to-as-rolled ratio for the Ti-6Al-
4V alloy (~14.8) is much higher than the metals subjected to MDRX (i.e. ~1.5-2) [278]. 
The difference could arise from the distinct characteristics of the as-deformed 
structures (i.e. initial grain size and grain boundary character). In the current study, the 
as-deformed titanium alloy undergoes continuous dynamic recrystallization resulting 
in a much smaller starting grain size (i.e. less than 300 nm) than the austenitic alloy 
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(~18 ȝm) subjected to DRX prior to the post-deformation annealing process. Recently, 
it was demonstrated that the initial state of the deformed structure significantly 
influences the post-deformation annealing processes [48]. The ultrafine equiaxed Į 
grains formed (i.e. 300 nm on average) by the CDRX mechanism are enclosed by non-
equilibrium high angle boundaries, having high dislocation density in the grain 
interiors (Fig. 6-1). This microstructure enhances the short-range grain boundary 
migration during post-deformation annealing, as shown by others [2]. This promotes 
the homogenous distribution of grain size throughout the microstructure and convert 
the non-equilibrium high angle boundaries to equilibrium.     
The current result suggests that the post-deformation behaviour of surface and 
interior layers are largely similar. The main difference is the replacement of partially 
fragmented laths by the fine equiaxed grains in the interior layer, which would be most 
likely through static recrystallization. Despite this microstructural change, the texture 
of the interior layer largely preserved its characteristics with holding time, similar to 
the surface layer.   
6.5 Conclusions 
In the current study, the post-deformation annealing of an ultrafine-grain Ti-6Al-4V 
alloy was studied throughout the thickness of the as-rolled martensitic microstructure. 
The evolution of hardness, microstructure and texture during annealing were 
investigated for the surface and interior layers having a different starting 
microstructure (i.e. fully and partially UFG). The following conclusions can be drawn 
from this work: 
i) Upon annealing, the surface layer revealed more significant softening 
than the interior layer and the material softening rate at 800°C was ~67 
times quicker than at 700°C. 
 
ii) The microstructure evolution in the surface layer comprised concurrent 
alpha grain growth and beta precipitation, whereas the interior layer also 
revealed the replacement of partially fragmented alpha laths to equiaxed 
grains, most likely through static recrystallization. Despite the presence 
of a relatively high dislocation density, the continuous precipitation of 
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beta on the alpha grain boundaries significantly retards the alpha grain 
growth through a pinning effect. 
 
iii) The volume fraction of beta phase increased with holding time, resulting 
in a lower level of V content in the beta. Consequently, the stability of 
the beta phase gradually reduced with annealing time, leading to the 
martensitic phase transformation of the beta phase on cooling. 
 
iv) The overall texture was mostly preserved for the surface and interior 
layers throughout the post-deformation annealing treatment. However, 
slight changes appeared in the surface layer texture with holding time, 
mainly showing a gradual strengthening of the (0°, 0°, 30°) component 
at the expense of the (0°, 0°, 0°) and (0°, 90°, 0°) components. These 
changes were mainly attributed to preferred grain growth of specific 
orientation/s, rather than martensitic transformation of beta phase. 
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Chapter 7 
Conclusions and suggestions for further 
work 
7.1 Conclusions 
The motivation of current research was to develop a thermomechanical processing 
route to produce an ultrafine grained structure in titanium alloys. Grain refinement 
generally enhances the strength of metals without scarifying the ductility and 
toughness. This ultimately broadens the application of titanium alloys in a wide range 
of industries, such as aerospace. Among the various grain refinement approaches, the 
thermomechanical processing of a martensitic starting microstructure is one of the 
most prospective routes to produce bulk UFG titanium alloys in an industrial scale. 
This is mainly due to its effectiveness of grain size reduction with relatively less 
deformation, the simplicity of the processing procedure without special equipment 
requirements and the wide applicability for various Į+ȕ titanium alloys. Different 
aspects of this novel TMP approach were investigated in the current study using a Ti-
6Al-4V alloy. 
Initially, the microstructural evolution of martensitic Ti-6Al-4V alloy during 
warm deformation and the impact of thermomechanical parameters on UFG formation 
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were examined using uniaxial compression (see Chapter 4). Based on this, a grain 
refinement mechanism was introduced. Secondly, a trial was made to produce a bulk 
UFG titanium alloy in Chapter 5 by means of both symmetric rolling and asymmetric 
rolling approaches. This also allowed an insight into the influence of deformation 
mode on microstructural evolution and subsequent mechanical properties. The post-
deformation annealing behaviour of as-rolled UFG Ti-6Al-4V alloy was examined in 
Chapter 6, which led to an in-depth understanding of the thermal stability of the 
ultrafine grained structure. In addition, the texture evolution was examined at different 
thermomechanical conditions. The key findings and conclusions drawn from the 
current investigation were summarized as follows. 
7.1.1 Effect of TMP parameters 
The application of axisymmetric compression in Chapter 4 enabled a systematic study 
on the deformation behaviour and microstructural evolution of martensitic Ti-6Al-4V 
alloy over a wide range of thermomechanical conditions, in terms of deformation 
temperature (600-800°C), strain (0-0.8) and strain rate (10-3 s-1-1 s-1). 
In this work, the progressive fragmentation of Į' laths was observed when the 
fine acicular martensitic Ti-6Al-4V alloy was subjected to warm deformation. At an 
early stage of straining, the formation of low angle boundaries was found in the Į' lath 
interiors. With an increase in deformation, low angle boundaries were partially 
transformed to the high angle grain boundaries. As a result, the initial Į' laths were 
progressively fragmented into ultrafine grains upon straining, primarily through a 
continuous dynamic recrystallization (CDRX) mechanism.  
In addition, the formation of ȕ phase was revealed in the current study. ȕ grains 
were mainly observed on the intervariant Į lath interfaces/boundaries. The formation 
of ȕ phase was ascribed to the decomposition of supersaturated Į' phase assisted by 
deformation and/or the reverse Įĺȕ transformation through adiabatic heating. 
The grain size and volume fraction of equiaxed ultrafine grains were found to be 
a function of the thermomechanical parameters. At a final strain of 0.8, the initial 
martensitic Ti-6Al-4V alloy was transformed into ultrafine equiaxed Į+ȕ grains with 
an average size of 150-800 nm, mostly surrounded by high angle grain boundaries. 
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Moreover, the thermomechanical window to obtain a fully equiaxed microstructure at 
this strain level was found for the current uniaxial compression testing, to be a 
temperature range of 700-800°C and relatively low strain rates of ~0.001-0.01 s-1. 
It was also found that the extent of ĮĺE transformation was affected by the TMP 
factors (i.e. strain, strain rate and deformation temperature). In addition, the stability 
of ȕ phase upon post-deformation cooling was closely related with its volume fraction, 
which led to different morphologies at room temperature: retained ȕ or secondary 
alpha/martensite. 
Based on the current study, a novel mechanism was proposed for the UFG 
formation through TMP of a fine martensitic titanium alloys. The process was 
primarily composed of progressive fragmentation of Į' laths through continuous 
dynamic recrystallization (CDRX) and simultaneous ȕ formation via Į' decomposition 
and/or the reverse transformation from Į.  
7.1.2 Effect of deformation mode 
In the uniaxial compression testing, the grain refinement was restricted to the centre 
of the deformed specimen, covering a region of ~5u5u2 mm3 (see Chapter 4). In 
Chapter 5, the conventional symmetric rolling and asymmetric rolling approaches 
were employed to further investigate the impact of deformation mode on the extent of 
grain refinement and the feasibility of bulk UFG production. 
 
It was established that the effective strain was not uniformly distributed 
throughout the thickness of the rolled specimens, leading to different layer 
morphologies (namely surface layer, transition layer and interior layer according to the 
volume fraction of equiaxed ultrafine grains). The application of different 
thermomechanical processing conditions (i.e. reduction and deformation mode) 
remarkably changed the thickness, relative position of different layers and the overall 
extent of martensitic lath fragmentation. In general, asymmetric rolling gave a more 
pronounced enhancement of UFG formation compared with the symmetric rolling at 
a given thermomechanical condition.  
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A fully equiaxed ultrafine grained structure in the bulk Ti-6Al-4V alloy plate 
was successfully produced through asymmetric rolling of the martensite starting 
microstructure by 70% thickness reduction at 800°C. The UFG structure consisted 
predominantly of equiaxed alpha grains with a mean size of 170–230 nm, mostly 
surrounded by high angle grain boundaries, fine ȕ phase and/or secondary 
alpha/martensite. An exceptional strength-ductility profile was exhibited by the UFG 
structure produced through warm rolling of martensitic starting microstructure. 
The current work contributes to the fundamental understanding about the effect 
of deformation mode (i.e. symmetric and asymmetric rolling) on UFG formation and 
mechanical properties. This makes it possible to utilize a combination of deformation 
mode to enforce microstructural refinement and mechanical properties in titanium 
alloys. 
7.1.3 Post-deformation annealing behaviour 
The thermal stability of the UFG microstructure is critically important for titanium 
alloys, which are featured by their elevate temperature property (e.g. fan blades of 
aircraft engines) and superplastic formability. Therefore, the post-deformation 
annealing behaviour was studied for the Ti-6Al-4V alloy plate processed by 70% 
symmetrically rolling at 800°C.  
The current work revealed that the microstructure evolution differed throughout 
the specimen thickness (i.e. the fully UFG surface layer and partially UFG mid-
thickness layer) during post-deformation annealing. This leads to a fundamental 
understanding of the annealing mechanism for the novel UFG titanium alloy. The UFG 
surface microstructure evolution displayed a concurrent growth of UFG alpha grains 
and beta precipitation. However, the initial partially fragmented alpha laths in the mid-
thickness layer were progressively transformed into equiaxed grains, most likely 
through static recrystallization. Generally, the volume fraction of ȕ continuously 
increased with annealing time, mainly through beta precipitation and/or subsequent 
grain growth. The appearance of ȕ on alpha grain boundaries significantly retarded the 
kinetics of alpha grain growth.  
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7.1.4 Texture evolution 
The evolution of texture is an important aspect for the thermomechanical processing 
of titanium alloys. Direct casting or conventional rolling in the high end of the Į+ȕ 
phase field tends to retain the macrozones in the final microstructure and form a sharp 
texture, which are not favorable for general application of titanium alloys as structural 
materials. In the current study, the macrozones were thoroughly broken-up along with 
the production of fully UFG microstructure in the titanium alloy (see Chapters 4, 5). 
In addition, the texture was also carefully examined throughout the deformation and 
post-deformation annealing. 
It was found in the current study that the strength and configuration of ȕĺĮ 
transformation texture strength was influenced by the extent of variant selection during 
different cooling patterns. When the hot rolled Ti-6Al-4V alloy plate with a dominant 
transverse texture was subjected to the ĮĺȕĺĮ phase transformation with different 
cooling patterns, a sharp texture was always retained either through the shear ȕĺĮ' 
transformation upon rapid cooling or the diffusional ȕĺĮ+ȕ transformation through 
slow cooling. In general, similar transformation textures were generated by both 
cooling patterns, comprising of two main texture components with the Euler angles of 
(90°, 90°, 0°) and (90°, 30°, 0°), respectively. However, the overall texture intensity 
and relative weight of each texture component was altered by the phase transformation 
path, which followed the well-known Burgers orientation relationship. Specifically, 
compared with the texture of lamellar Į+ȕ microstructure formed through slow cooling, 
a weaker texture was found for the martensitic transformation, which was attributed to 
a weakening of variant selection through more adequate nucleation of different 
variants upon rapid cooling during ȕĺĮ' transformation. 
Upon warm rolling of the martensitic Ti-6Al-4V alloy at 800°C, the sharp 
transformation texture was considerably altered. The characteristics of the final texture 
were closely affected by the level of effective strain and deformation complexity, as 
summarized earlier in Section 7.1.2. This gave rise to different texture characteristics 
throughout the thickness of the as-rolled plate and the differences between symmetric 
rolling and asymmetric rolling. At the mid-thickness of the warm rolled specimens, 
the symmetric rolling mainly led to the formation of a basal/transverse texture at 50% 
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to 70% thickness reduction, whereas the asymmetric rolling resulted in the 
displacement of the basal texture component from ND towards RD through the 
introduction of an additional shear deformation. 
During the post-deformation annealing of the 70% warm rolled martensitic Ti-
6Al-4V alloy, only slight changes were observed in the overall texture throughout the 
thickness. The mid-thickness layer only revealed slight sharpening of the initial 
basal/transverse texture with an increase in the annealing time, whereas a gradual 
strengthening of the basal (0°, 0°, 30°) component was found at the expense of the 
basal (0°, 0°, 0°) and transverse (0°, 90°, 0°) components in the surface layer. The 
latter was most likely a result of the preferred grain growth of specific orientation/s, 
driven by the stored energy. 
The fundamental understanding on texture evolution during deformation, phase 
transformation and recrystallization is crucial for the control or optimization of 
titanium texture during industrial operations of thermomechanical processing.  
7.2 Suggestions for further work 
The current study has demonstrated that a bulk UFG structure can be successfully 
produced in a martensitic Ti-6Al-4V alloy through a close control over the 
thermomechanical parameters. This work has fulfilled some aspects of the inadequate 
knowledge highlighted in the literature review, including the microstructure and 
texture evolution during TMP and proposing a novel grain refinement mechanism. In 
addition, the current project raised some issues and potential areas, which require 
further work listed as follows: 
i) In Chapter 5, the probability of the deformation induced ȕĺĮ'' 
transformation was indicated during the tensile testing of as-rolled titanium 
plate. However, no direct experimental evidence was provided to support the 
appearance of orthorhombic Į'' phase on straining. A careful TEM 
observation or in-situ TEM tensile testing would be helpful to clarify the 
occurrence of this phase transformation, if any.  
 
ii) As discussed in Chapter 5, the unique texture produced by asymmetric 
rolling enhances the formality (e.g. room temperature bending and cracking 
Chapter 7. Conclusions and suggestions for further work 
- 167 - | P a g e  

resistance) of titanium alloy, similar to that reported for other metals (e.g. 
magnesium [250] and zinc [252, 279] alloys) . The formability of the as-
produced UFG material could be assessed by means of shear punch testing, 
normal bending testing at room temperature or tensile testing at elevated 
temperatures. Moreover, the fatigue property of Ti-6Al-4V alloy is of critical 
importance for aerospace application, which is also largely texture dependent 
[159]. Therefore, the fatigue property of the novel UFG structured Ti-6Al-
4V alloy requires further evaluation. 
 
iii) The post-deformation annealing treatment of as-rolled titanium sheet leads 
to the formation of different microstructures throughout the thickness, 
mostly consisting of dislocation-free equiaxed Į+ȕ grains surrounded by 
high angle boundaries. In addition, a close control over the annealing 
parameters and cooling patterns leads to multiple microstructures comprised 
of equiaxed alpha and beta, along with secondary martensite/alpha with 
different ratios. As discussed in Section 2.1, these microstructural differences 
may account for distinct mechanical properties and deformation mechanisms 
compared with the as-rolled Ti-6Al-4V alloy, which may be worth further 
investigation. 
 
iv) Recently, a novel in-situ EBSD technique was reported [280], with a Murano 
heating stage (model 525, Gatan. Inc) suitable for heating of specimens up 
to ~950°C inside the SEM. This technique has two potential applications for 
the current work. Firstly, a direct and real-time observation of 
recrystallization and grain growth behavior during post-deformation 
annealing can be carried out using in-situ or interrupted EBSD 
characterization. This provides fresh information on the evolution of phase 
ratio, grain orientation, morphology and nucleation process, if any. In 
addition, in some alloys with relatively lower beta transus temperature (e.g. 
915°C for CP Ti Grade II), the micro-texture evolution and variant selection 
through ĮĺȕĺĮ phase transformation can also be directly studied.  
 
v) The type and density of dislocations were also altered during the deformation 
of the martensitic Ti-6Al-4V alloy and post-deformation annealing. A 
descriptive model can be proposed based on a systematic TEM study, which 
will further contribute to in-depth understanding of the deformation and 
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texture evolution mechanisms during straining. Moreover, a detailed TEM 
study on dislocation and solute partitioning will also extend our knowledge 
of post-deformation annealing behaviour. 
  
vi) The martensite grain refinement process in steel devolved by Tsuji et al [25] 
is typically characterized by cold rolling followed by annealing. However, 
the formability of martensite is limited for some steels at room temperature 
[281], which may result in micro-cracking of the specimens and potential 
roll damage. Based on the success achieved in the current project, we expect 
that rolling of the martensitic structure at elevated temperatures would also 
have potential in steels as an alternative way for UFG fabrication. In 
addition, this approach may also be applicable for grain refinement in other 
alloys/metals having a martensitic microstructure (e.g. massive martensite in 
CP Ti alloy and Zr alloys).
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Appendix 1 
The representation of crystallographic 
orientation and texture 
A1.1 Descriptors of texture orientation 
In order to describe the crystallographic orientation with respect to the sample 
properly, two coordinate systems need to be defined [157]: i) One is the specimen 
coordinate system specified by the important directions/planes of a specimen. Taking 
the most commonly mentioned rolling process for instance, the coordinate axes are 
typically defined by the rolling, normal and transverse directions perpendicular to each 
other (Fig. A1-1). ii) The second is an orthonormal crystal coordinate system, which 
is normally defined according to the crystallographic symmetries. For example, the 
[100], [010] and [001] directions for bcc titanium and [0001], [10 10 ] and [1120 ] for 
hcp titanium are chosen as the coordinates (Fig. A1-2). The relatively position (i.e. the 
orientation g) of the crystal coordinate system with respect to the specimen coordinate 
system: CC=gÂCs can be then defined using different descriptors such as: the ideal 
orientation (i.e. Miller-Bravais indices), Euler angles, rotation matrix and axis/angles. 
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Figure A1-1: The relationship between the specimen coordinate system XYZ and the crystal coordinate 
systems represented using an example of a cubic unit cell of one crystal in the rolled product. The 
orientation specification via (hkl)[uvw] is noted. 
 
Figure A1-2: A choice of orthogonal axes X1Y1Z1 for (a) cubic and (b) hexagonal symmetries in the 
Bunge systems. Adapted from[157]. 
The Miller-Bravais indices method in the form of {hkl}ޒuvwޓ for bcc material 
or {hkil}ޒuvtwޓ for hexagonal alloys can be used to represent some ideal textures 
with their crystallographic orientation parallel to the specimen coordinate axes. Take 
the most commonly referred rolling texture for instance, a Miller-Bravais indices 
representation of {hk(i)l} ޒuv(t)wޓ refers to a {hk(i)l} parallel to the normal direction 
of a rolling sheet and ޒuv(t)wޓ pointing towards the rolling direction (Fig. A1-1). 
The orientation of different texture elements can be also described using three 
Euler angles, which are the sequence of rotations between the specimen and crystal 
axes. There are different methods for the Euler angle notation, of which the Bunge 
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conversion system (i.e. g=( ĳ1, ĭ, ĳ2)) is used in the current study. In the Bunge system, 
the first rotation is about Z (e.g. ND for a rolled specimen) by ĳ1 followed by another 
׋ rotation around the rotated X' and the final rotation is about the rotated Z'' by an 
angle of ĳ2. For the hexagonal alloys, the crystal coordinate X1, Y1 and Z1 reference 
axes are parallel to the [10 10 ], [ 12 10 ] and [0001] respectively, which is different 
from the definition of other notations (e.g.  X1= [ 2 1 10 ], Y1= [ 01 10 ] and Z1= [0001] 
in the Roe system) [282]. 
The range of the Euler angles (i.e. the volume of the Euler space) depends upon 
the conversion systems, the crystallographic and specimen symmetries [157, 158]. In 
the Bunge system, the maximum size of a general Euler space (i.e. triclinic crystal 
symmetry and no specimen symmetry) has a range of {2ʌ, ʌ, 2ʌ}. For symmetric 
rolling, the Euler space of hexagonal titanium is restricted to a region of {ʌ/2, ʌ/2, ʌ/3} 
due to the orthorhombic sample symmetry and specific hcp crystal symmetry (i.e. 6-
folded symmetry about c-axis and mirror symmetry around the a-axis). Whereas for 
asymmetric rolling, the sample only has a monoclinic sample symmetric about the 
rolling direction, the Euler angles are in the range of {ʌ, ʌ/2, ʌ/3}. 
In addition to these two approaches, the texture orientation g can also be 
represented by a 3×3 rotation matrix [158]: 
11 12 131 1 1
2 2 2 21 22 23
3 3 3 31 32 33
cos cos cos
cos cos cos
cos cos cos
g g g
g g g g
g g g
D E J
D E J
D E J
§ ·§ · ¨ ¸¨ ¸  ¨ ¸ ¨ ¸© ¹ © ¹                                       A1.1 
where the elements of each row refers to refers to the cosines of the angles (i.e. Įi=1,2,3, 
ȕ i=1,2,3, Ȗ i=1,2,3) between the crystal axes X1, Y1, Z1 and the sample axes X, Y, Z, 
respectively.  
In some circumstance, the transformation from crystal to specimen coordinates 
can be attained readily using an axis/angle pair. In this case, the crystal axes can be 
rotated towards the specimen coordinate through an angle of ș about a specific axis. 
Each of the above texture descriptors have their pros and cons while the ideal 
orientation and Euler angles are more widely referred in different publications. Despite 
the variety of texture/orientation notations, the above notation methods can be 
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transformed to each other. For instance, the Euler angle of a hexagonal alloy can be 
transformed into to the Miller-Bravais indices through [158] 
3 1
2 2
2
23 1
2 2
0 sin sin0 1 0 cos sin
0 cos
0 0
h
k
i
l c a
I
I
ª ºª º )ª º« »« » « » )« »« »   « »« » )« » ¬ ¼¬ ¼ « »¬ ¼                                                          A1.2 
3 1
2 3
1 2 1 22
3
1 2 1 22 1
3 3
1
0 cos cos sin sin cos
0 0 cos sin sin cos cos
0 sin sin
0 0
u
v
t
w c a
I I I I
I I I I
I
ª ºª º  )ª º« »« » « »   )« »« »   « »« » )« » ¬ ¼¬ ¼ « »¬ ¼                          A1.3 
In addition, a 3×3 rotation matrix can be calculated from the Euler angles by: 
1 2 1 2
2
1 2 1 2
1 2 1 2 2
1 2 1 2
1 1
cos cos sin cos sin sinsin sin cos cos sin cos
cos sin sin sin cos sin
sin cos cos cos cos cos
sin sin cos sin cos
g
M M M M MM M M M
M M M M M
M M M M
M M
§ ·)¨ ¸ )  )¨ ¸¨ ¸   )¨ ¸ )  )¨ ¸¨ ¸¨ ¸)  ) )© ¹                      A1.4 
A1.2 Texture measurement and representation 
The orientation distribution of polycrystals can be measured through their diffraction 
of radiation such as X-rays, neutrons and electrons [157, 181]. Among them, the 
electron diffraction methods like TEM (e.g. NanoMEGAS) or SEM (e.g. EBSD) are 
more suitable for the microtexture measurement while neutron diffraction is mostly 
used for macrotexture characterization. The conventional x-ray pole-figure 
goniometers and synchrotron x-rays can be used for both purposes [157]. The texture 
of a material can be represented using the pole figure (PF), inverse pole figure (IPF), 
orientation distribution function (ODF) and its sections. The pole figures, ODF 
sections and corresponding Euler angles of common texture components in Į and ȕ 
titanium alloys was described in Section 2.4. 
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Appendix 2 
Deformation behaviour of a commercial pure 
titanium alloy during hot compression testing 
A2.1 Introduction 
This part of the work was performed with a commercial pure titanium alloy, which is 
a relatively simpler alloy system compared with the Į+ȕ Ti-6Al-4V alloy, in terms of 
both chemical composition (i.e. Al and V bearing) and phase transformation (single Į 
phase). The origination of this work was to investigate the dynamic recrystallization 
behaviour of pure titanium alloy during hot deformation. However, the hot 
deformation behaviour can be distinct to the aforementioned Ti-6Al-4V alloy due to 
the different starting microstructure, composition and deformation parameters. 
Thereby, this set of work was allocated here as an appendix chapter. 
As described in Chapter 2, the room temperature ductility and formability of CP-
Ti is also limited due to the intrinsic characteristics of the hexagonal close-packed (hcp) 
structure [37]. Hence, extensive hot working is used for primary ingot breakdown and 
secondary working of CP titanium. A typical temperature of thermomechanical 
processing is around its beta transus temperature (Tȕ=915 qC) where dynamic 
recrystallization (DRX) may take place during hot working [46, 47]. The occurrence 
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of DRX can result in not only the refinement of grain size but also the reduction in 
flow stress. Therefore, it can enhance the formality of CP Ti alloy or even enable 
superplastic forming [283, 284].  
The flow behaviour of CP-Ti has been extensively studied under both cold and 
hot working conditions. Work hardening phenomenon have been well discussed 
whereas the flow softening behaviour has been rarely stated [285]. The current study 
aims to invesigate the flow behaviour along with the evolution of microstructure and 
crystallographic texture in a CP-Ti alloy during dynamic recrystallization using hot 
compression testing. 
A2.2 Experimental procedure 
Commercial pure titanium (Grade 2) was used in the current study. The material was 
received as extruded rods in the annealed condition with a diameter of 22 mm. 
Cylindrical specimens 10 mm in diameter and 15 mm in height were machined from 
the rods with the compression axis parallel to the rod extrusion direction. These 
specimens were then subjected to isothermal hot compression tests using a Gleeble 
3800 thermo-mechanical simulator. The deformation temperature was measured by a 
thermocouple welded on the specimen. Graphite foil was used as a lubricant to 
minimize the friction between the tungsten anvils and specimen. It also enhances the 
electric resistance at the interface, which decreases the temperature gradient along the 
specimen axis. The specimens were initially reheated to 850 qC at a heating rate of 
5 qC/s and held for 180 s to homogenize the temperature throughout the specimen. 
Then, they were uniaxially hot compressed to different strains (i.e.ࢿ= 0.2, 0.4, 0.6 and 
1.0) at a constant true strain rate (ࢿሶ ) of 0.1/s, followed by immediate rapid air cooling 
(i.e. cooling rate  100 qC/s) to preserve the hot-deformed structures.  
Electron back-scattered diffraction (EBSD) was used to characterize the 
microstructure development and crystallographic texture at different 
thermomechanical conditions. EBSD study was carried out using a FEG LEO 1530 
scanning electron microscope operated at 20 kV. The instrument was equipped with 
the fully automated HKL Technology EBSD attachment. EBSD maps were acquired 
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using step sizes of 0.5 or 1.0 ȝm and the HKL Channel 5 software was used to perform 
data acquisition and post-processing. 
The specimens for EBSD were sectioned along the compression/extrusion axis 
and ground successively using 240, 600, 1200 and 4000 grit SiC papers. The samples 
were then polished by 0.05 ȝm colloidal silica along with an attack-polishing agent 
consisting of 10 ml 30% concentration hydrogen peroxide and 50 ml colloidal silica. 
The sample preparation was performed carefully to avoid any introduction of 
mechanical twinning during grinding/polishing. 
A2.3 Results and discussion 
A2.3.1 Flow behaviour 
The true stress-strain (ı-ѓ) curves of the CP-Ti alloy at different strains were well 
duplicated (Fig. A2-1a). The flow stress initially showed a region of power-law type 
work hardening up to a strain of ~0.28, where the maximum stress was obtained. 
Beyond the peak stress (ߪ௣), flow softening took place up to a strain of ~0.55 beyond 
which it displayed a steady-state behaviour. There was a slight stress increase at a 
strain of above 0.6, most likely due to the friction between the tools and the specimen. 
The flow curve behaviour suggests the occurrence of dynamic recrystallization, similar 
to metals with low-medium stacking fault energy [46]. 
The experimental flow curve for a strain of 1.0 was used to study the progress 
of dynamic recrystallization using a method [49, 286] developed based on the 
generation and annihilation of dislocations. The elastic portion of stress-strain curve 
before 2% offset was removed, and then the rest of flow curve was fitted and smoothed 
by a ninth-order polynomial using the Origin software. Afterwards, the work-
hardening rate (ߠ ൌ ݀ߪȀ݀ߝ) was calculated based on the fitting curve, which agreed 
well with the experimental ı-ѓ data (Fig. A2-1b). In the present study, the critical strain 
for the onset of dynamic recrystallization (ߝ௖ ) when ߲ଶߠȀ߲ߪଶequals zero was 
identified to be 0.13. The peak and steady state strains (ߝ௣ and ߝௗ௥௫௦௦) were estimated 
to be ~0.28 and ~0.55, respectively (Fig. A2-1b).  
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Figure A2-1: (a) True stress-strain curves of the CP-Ti alloy under uniaxial compression at 850 °C and 
a strain rate of 0.1/s for different strains. (b) The flow curve of CP-Ti alloy along with the estimated 
dynamic recovery (DRV) flow curve at 850 qC and a strain rate of 0.1/s 
A2.3.1 Grain structure development 
The starting material mainly consisted of equiaxed grains with an average grain size 
of 10.9 ȝm (Fig. A2-2a). There were only a few low angle grain boundaries with a 
misorientation angle of 5q suggesting that the microstructure was fully recrystallized 
through the pervious annealing process.  
At an early stage of deformation, the grains were elongated perpendicular to the 
compression direction (CD, Fig. 2b). Grain boundary serration/bulging was also 
observed as a result of strain-induced boundary migration (Fig. A2-3a). This is 
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generally viewed as the initiation of dynamic recrystallization as sub-grain boundaries 
usually originate behind the bulged areas and evolve into subsequent dynamically 
recrystallized grain boundaries [283]. The local misorientation angle profiles in 
different directions with respect to the bulged grain boundary also demonstrate two 
different behaviours. The misorientation profile parallel to the bulged boundary (i.e. 
line P in Fig. A2-3) displays a progressive increase in the point to origin misorientation 
angle. However, the misorientation angle profile perpendicular to the bulged grain 
boundary illustrates a sharp change in the point to origin misorientation angle followed 
by nearly constant misorientation (i.e. line V in Fig. A2-3). At higher strains, the high 
angle boundary segment behind the bulged region progressively increases until it 
forms an enclosed grain (i.e. dynamically recrystallized grain). 
  
 
Appendix 2. Deformation behaviour of a commercial pure titanium alloy during hot compression… 
- 178 - | P a g e  

  
 
Figure A2-2: EBSD images of as-received CP-Ti alloy (a, İ = 0) and the deformed specimens to different 
strains at a deformation temperature of 850 qC: (b) İ = 0.2, (c) İ = 1.0; (d) mean grain size and aspect 
ratio at different strains. The arrows in (a-c) represent the extrusion/compression directions. Black, red 
and white lines in (a-c) represent grain boundaries with misorientation angle (T) greater than 15°, 
5°<T<15° and 2°<T<5°, respectively 
A quantitative analysis of EBSD maps at different strains shows that the mean 
grain size of CP-Ti alloy reduced continuously from 10.9 ȝm at the initial condition 
(i.e. no deformation, Fig. A2-2a) to ~6.7 ȝm at a strain of 0.6 (Fig. A2-2d). Beyond 
that, no obvious grain size reduction was realized up to a strain of 1.0. Meanwhile, the 
average aspect ratio of grains increased continuously from 1.5 at the initial condition 
to 1.8 at a strain of 0.4. Then, it remains constant up to a strain of 0.6 followed by a 
drop to a strain of 1.0 (Fig. A2-2d). The initial increase in the aspect ratio corresponds 
to the reduction of pre-existing equiaxed grains perpendicular to the compression 
direction by deformation. The constant aspect ratio suggests that the formation rate of 
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equiaxed DRX grains and pancaking of the deformed structure balance each other. The 
subsequent decrease in the aspect ratio could be due to the consumption of most of the 
deformed structure by newly formed DRX grains, which results in an aspect ratio 
(~1.65) close to the initial structure. There are a few low misorientation angle 
boundaries present even at a strain of 1.0, where the microstructure is nearly fully 
dynamically recrystallized (Fig. A2-2c). This suggests that the DRX grains are 
continuously subjected to the deformation throughout their evolution (i.e. nucleation 
and growth). In other words, the DRX grain will be subsequently recrystallized during 
further straining to a new grain as soon as it reaches the critical strain for the dynamic 
recrystallization (Fig. A2-2c). 
 
 
Figure A2-3: (a) Bulging of pre-existing grain boundaries at a strain of 0.2, (b and c) misorientation 
angle profile parallel and perpendicular to the pre-existing grain boundaries in (a). CD in (a) represents 
the compression direction. Black, red and white lines in (a) represent grain boundaries with 
misorientation angle (T) greater than 15°, 5°<T<15° and 2°<T<5°, respectively 
A2.3.3 Crystallographic texture evolution 
The starting material revealed a pronounced peak with a random intensity of 8.43 at 
the centre of (0001) pole figure (Fig. A2-4a), suggesting that the basal planes are 
preferentially perpendicular to the extrusion direction (ED) as observed by others in 
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extruded CP-Ti alloy [51, 287]. The texture was significantly altered as the samples 
were hot compressed along the extrusion direction. The peak gradually spread along a 
radial direction (RD, Fig. A2-4) with an increase in the strain up to 0.4. Beyond a strain 
of 0.6, two distinct peaks (i.e. bimodal basal texture) were observed similar to the 
texture repeatedly reported in cold and warm deformed CP-Ti alloy [199, 206, 207]. 
During dynamic recrystallization, the dynamically recrystallized grains continuously 
experience deformation throughout the nucleation and growth processes. This can be 
observed in Fig. A2-2c, where most of the DRX grains contained subgrain boundaries 
(i.e. having a high dislocation density).  The nucleation of new grains and subsequent 
preferential grain growth may enhance the formation of a bimodal basal texture in the 
dynamically recrystallized structure similar to cold and warm deformation processing 
[288]. 
 
Figure A2-4: (0001) pole figures of the CP Ti alloy deformed at 850 qC to different strain levels: (a) ߝ= 
0, (b) İ = 0.4, (c) İ = 0.6 and (d) İ = 1.0. CD and RD represent the compression and radial directions 
respectively 
A2.4 Summary  
A CP-Ti alloy was subjected to uniaxial hot compression to different strains at 850 ÛC 
and a strain rate of 0.1/s. The stress-strain curve revealed a flow behaviour similar to 
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metals undergoing dynamic recrystallization (DRX) during hot deformation. A 
quantitative analysis of the flow curve showed that the DRX takes place after reaching 
a critical strain of 0.13. At a strain of 0.2, grain boundary serration/bulging viewed as 
an initiation of dynamic recrystallization was observed. During further deformation, 
the microstructure was progressively recrystallized resulting in a fine DRX grain 
microstructure.  Most of the DRX grains contained sub-boundaries suggesting that 
they continuously experienced deformation during their evolution (i.e. nucleation and 
growth). This may explain the change of texture from a single peak at the initial 
condition to bimodal basal texture at the DRX state similar to what was reported for 
the cold and warm deformed conditions by others [199, 206, 207, 288]. 
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